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II 1 Perovskite-type oxides 



Figures p. 217flf. 



Perovskite-tj^ oxides 
lA Simple perovskite-type oxides 
Nr. 1 A-1 NaNbOj, Sodium niobate 



II Data 
Oxides 



Itwas reported byMATTHiAsetal. in 1951 that NaNbO, was fen-oelecttc Cross etal. 
however, proved m 1955 that at room temperature it is not ferroelectric but antifeno- 
electric. 



crystal 



orthorhombic 



Pbma')-DS 



kUe'S!T^i.56BXi^r2a,). t = S.505 k i^fZa,). . = 15.518 A 4a.). 
where a. is the lattice constant of the cubic cell of ph^ I. 

In phasi IV (orthorhombic system) the longest edge of a umtceU is taken astte c 
axis (see Fi? 1) This system of the axes is adopted here. In Well and Megaw s 
t^^^s fc ^d i axes were interchanged. The orthorhombic structure is also, repre- 
sentedbyapseudomonochnicunitceU (seeFig. l).wheret> =c,a =c (^a,),p ^n/^. 



senxea uy a pscuu umuinjvixiAA\> i^i^^ ^^^^ * -o- -/i ' 

Cooling method from a molten mixture of Na,CO„ Nb.Og. NaF. 



Crystal structure: In phase IV, Z = 8. 
Tab. 1; Fig. 1, 2. 



Lattice distortions (thermal expansion): For phase I, II, III, FV: Tab. 2,3; Fig. 3. 
For phase V, at-160 °C: a = 5.564 A (s /2 «.). b = 5.548 A (s K2 a.). 
c = 7.812A(s2ao), ^ = 91°09'. 
Fig. 4. 



. where C = 2 ••• 4 • 10= °K and 



Dielectric constants: Fig. 5. 
Curie-Weiss law: x = C/(r - 0p), T > 
0p = 6O--8O''C. 
Spontaneous polarization: P. ^ 12 • 10-» C m-» (|| c, in phase V). 
Coercive and critical field for normal and double hysteresis curve: Fig. 6. 



Birefringence: Fig. 7, 8 



Domain structure: See 
b Dynamic properties: Fig. 9, 10. 



Tab 1. NaNbO.. Fractional coordinates x, y. z of atoms 
in unit ceU at RT. \6iW2\ 







y 


z 


Na(l) 


\ 


0.250 


0 


Na(2) 


0.769 


0.251 


i 


Nb 


0.261 


0.257 


. 0.125 


0(1) 


i 


0.208 


0 


0(2) 


0.271 


0.290 


i 


0(3) 


0.010 


0.532 


0.121 


0(4) 


0.446 


0.972 


0.126 



Accoiding to Ismailzade phase III consists of 4 phases (see Fig. 3). \6)14\ 

TransiUons exhibit large temperature hysteresU, and the transition temperatures measured- 

decreasing temperature are given here. 



Funihata/Manitake 



37 



Figuren S. 217ff. 



n 1 Oxide des Perowskit-Typs ^ 




390 



Monoclinic 

Pseudotetragonal 

Pseudotetragonal 

Tetragonal 
(Changing to simple 
perovskite-type cell) 



- -3.914 A 
b' = 4- 3.881 A 
/?• = 39- 

« = 2 • 3.920 A 
c = 4- 3.926 A 
c/a = 2.0032 
« = 2-3.924A 
c = 4 • 3.924 A 
c/a ^ 2.0000 
" = 2 • 3.933 A 
c = 4-3.940A 
c/a = 2.0038 
3-942 A 



= 3.915 A 
6' = 4 • 3.881 A 
P' = 90° 40- 
« = 2-3.919A 
'; = 4-3.927A 
c/a = 2.0040 
« = 2 • 3.921 A 
c = 4 • 3.927 A 
c/a = 2.0028 
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II 1 Perovskite-type oxides Figures p. 219 ff. 



Nr. lA-2 KNbOj, Potassium niobate 



Ferroelectricity in KNbO, was first discovered by Matthias in 1949. 
phase 



rhombohedral orthorhombic 



-10 

p. II [001] in phase II (along [001] of phase I), 
P, II [001] in phase III (along [110] of phase I), 
P» II [111] in (along [111] of phase I). 

Tmelt = 1050 °C 
o = 4.590 • Wkgrn^ 

a = 5.697 A, 6 = 3.971 A, c = 5.720 A at RT. 
Transparent. Light yellow. 



Flux method (KjCO, flux). 

Phase diagram of KjCOj-NbjOj system; see 

PulUng method from the K.CO.-NbjOs nuxture 

Crystal form: square plate 

Crystal structure: Z = 1 in phase I, II. IV. 2 2 in phase III. Tab. 4. 5; Fig. 11. 



5SR3. 5SM3 
52L1 
67K4 



51W1 
55R3 
58M3 



Temperature dependence of lattice parameters: Tab. 6; Fig. 12. 



Dielectric constant: Fig. 13, 14. „ ^ns ox^ o on 

X = CUT - e^) T > ©u-i , where C = 2.42 • 10= °K, ©p = 360 °C. 
Nonlinear dielectric properties: f = -1.62 ■ 10' J C"*™'. C = 1.79 -10" J C-^ e 
Spontaneous polarization and coercive field: Fig. 15. 

P, = 26 • 10-« C m-« at r = 0p^ 



Transition heat, transition entropy: Tab. 7. 



Kezoelectricity: Fig. 16. 



NQR:Tab. 8:Fig. 17- ■20. 
Tab. 4. KNbOj. Atomic positions in fractional coordinates at RT in phase III. [67K4] 



Nb 


0, 0, 0 


K 


0, i. i + 


0(1) 


0, h •5i 


0(2) 


0, i + z, 




+0.017 




+0.021 




+0.035 




+0.004 



Tab. 5. KNbO,. Interatomic distances and bond angles at RT. [67K4] 



Nb-O(l) 
Nb-0(2) 
Nb-0(2) 
K-O(l) 
K-O 1) 
K-O(l) 
K-0(2) 
K-0(2) 
0(l)-Of2) 
0(l)-0(2) 
0(2)-0(2) 
0(2)-O(2) 

0(2)-O(2) 

■* Numbers in this column 
* For the 0-Nb-O angles. 



distance 

A 



1.991 ± 0.001 
1.863 ± 0.007 
2.180 ± 0.009 
2.837 ± 0.014 
2.848 ± 0.001 

2.883 ± 0.014 
2.792 ± 0.008 
2.873 ± 0.010 
2.780 ± 0.012 

2.884 ± 0.012 
2.802 ± 0.024 
2.894 ± 0.024 
2.860 ± 0.001 







0(2)(s)-Nb-0(2)fs) 




O(2)(;)-Nb-O(2)(0 


ill 


0(2)(s)-Nb-0(2)(i) 




0(l)-Nb-0(2)(s) 




0(l)-Nb-0(2)(/) 


11! 


Nb-0(1)-Nb 




Nb-0(2)-Nb 





angle 



97.4 ± 1.2 

83.4 ± 1.0 
89.7 ± 0.5 
92.3 ± 0.6 

87.5 ± 0.6 
172.8 ± 0.7 
168.6 ± 0.6 



indicate numbers of equal bonds or angles per formula unit. 

the letter j or I indicates whether the Nb-0(2) bond involved is short or long. 
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11 1 Oxide des Perowskit-Typs 



Tab. 6. KNhn t ■ 

at various tem%a^^*=^ Is^lt^^^ TiT^ "^it ceU 

ofpseudotetraionaiceil''"'*^^^"^™^*^- ''^LL^™- transition heat an. 
^°sition entropy ner mnl^ r?^o.*°<l 



°C 

25 
125 
185 
205 

220 
230 
270 
320 
375 
410 
425 
450 
510 



4.0375 
4.0374 
4.0363 
4.0369 
0=6 
3.9972 
3.9978 
3.9992 
4.0023 
4.0048 
4.0080 
4.0214 
4.0225 
4.0252 



3.9711 
3.9797 
3.9830 
3.9839 

4.0636 
4.0640 
4.0647 
4.0639 
4.0620 
t.0567 



b/a 



1.0167 
1.0145 
1.0134 
1.0133 

c/a 
1.0166 
1.0166 
1.0164 
1.0154 
1.0143 
1.0122 



90° 15- 
90° 15- 
90° 13' 
90° 14- 



64.73 
64.87 
64.89 
64.93 

64.92 
64.95 
65.01 
65.10 
65.15 
65.18 
65.03 
65.09 
65.22 



Transition 


cal mol-» 


cal °K-i mol-i 


IV ^III 
III -> II 
II -^I 


32 
85 
190 
134 


0.12 
0.17 
0.28 



n = asvmmft+r^r „o,.„_.-_'^^°* V - 0.806 + 0.002. 


Crystal 
structure 

orthorhombic 
(20 °C) 












/ 
MHz 


Meas- 
ured 
ratio 


Calculated 

ratio 
(ri = 0.806) 


Identifi- 
cation 


MHz 


3.648 
3.030 
2.527 
2.085 


1.204 
1.198 
1.214 


1.204 
1.196 
1.213 


(9/2, 7/2) 
(3/2, 1/2) 
(7/2, 5/2) 
(5/2, 3/2) 


23.120 ± 0.05 


rhombohedral 
(-196 °C) 


2.674 
2.004 


1.335 


{ri = o.o; 

1.333 


(9/2, 7/2) 


16.0 ± 0.1 




1.335 


1.503 , 


1.500 


(7/2, 5/2) 
(5/2, 3/2) 





|Nt.lA-3 NaTaO„ Sodium 



space group 



(F) 



orthorhombic 



Pc2,n-Cj% 



orthorhombic 



tetragonal 



-yoioi Structure: Z = 4 
.:^ ^c positions: Ta b^^jjF|g- 70 

T . 



Temperature d 



' oflatti^^^^eteis : T^bloTFi^iliT 
Futuhata/Manitake 




II 1 Perovskite-type oxides 



Figures p. 221 ff. 



Tab 9 NaTaO,. Fractional coordinates of atoms in the unit cell. 

[f7Kn 

i + 0.01 
} + 0.03 
i + 0.02 



0 - 0.01 

1 + 0.03 



0 - 0.02 

1 + 0.01 
i + 0.02 
J + 0.04 

0 - 0.03 
J +0.04 

1 + 0.04 
i + 0.06 
i + 0.04 



0 + 0.01 

1 + 0.03 
0 - 0.02 

i 
4 
0 

0 + 0.02 

1 + 0.01 
J - 0.02 
i - 0.04 

0 - 0.03 
J + 0.04 

1 - 0.04 
i + 0.06 
J + 0.04 



i - 0.01 
i + 0.03 
J - 0.02 

0 
i 
i 

i + 0.02 
i + 0.01 

0 + 0.02 

1 - 0.04 
i - 0.03 
} - 0.04 
} - 0.04 

0 + 0.06 

1 - 0.04 



i 

i - 0.02 
i + 0.01 
0 - 0.02 



i + 0.04 
i - 0.03 
i - 0 04 
i + 0.04 
0 + 0.06 
}. - 0.04 



Temperature dependence of the pseudo-cell parameters. [6214]. 
For the notations, see Fig. 21 



rrc] 


23 


100 


200 


300 


400 


450 


480 


500 


550 


580 


600 


a"=c'[A] 


3.889s 


3.893, 


3.8995 


3.907 


3.912g 


3.916 


3.918 


3.920 


3.923 


3.925, 


3.927 


b'[k] 


3.885s 


3.8905 


3.3965 


3.903, 


3.910, 


3.913, 


3.915, 


3.918 


3.923 


<«3.925, 


«3.927 


P-9Q' 


22-00" 


16"00" 


9'00" 


6'00" 


4' 00" 


3' 30" 


2-00" 


«2'00" 


1'30" 


0*00" 


O'OO" 


a'lV 


1.0010 


1.0009 


1.0009 


1.0008 


1.0006 


1.0006 


1.0005 


1.0005 


1.000 


1.000 


1.000 


FtA»] 


58.8o 


59.O0 


59.25 


59.5, 


59.85 


6O.O0 


60.1, 


60.2o 


6O.35 


60.4, 


6O.55 










rrc] 


630 


660 


680 
















6 




3.929 


3.931 


3.9325 


















6O.65 


6O.75 


6O.80 











Nr. lA-4 KTaO„ Potassium tantalate 



Ferroelectric activity was first reported by Matthias in 1949 however, recent 
studies by Wemple have proved that the ferroelectric transition does not occur, at 
least above 1.6 °K.») 

KTaO, is cubic and its space group is Pm3m-OJ. 

Tn^H = (1357 ± 3) "C. 
e = 6.97-10»kgm-«. 

a = 3.9885 A at RT. , ■ . ^ ^ ^ 

Transparent, colorless or pale blue (blue in oxygen-deficient crystals). 
Cleavage: along (100) planes. 

Hardness: nearly the same as quartz. ^ ' 

Flux method: KF flux.») dark small crystals; K,CO, flux,") large ( «10 mm) trans- 
parent crystals. 

CzochralsW-Kyropoulos method: large («10 mm) good quahty crystals. 

Floating technique: planar single crystals. 
Phase diagram of system KjCOj-TajO,: Fig. 24. 

Hydrothermal phase diagram KaO-Taa05-H,0 at 400 °C: 



Z = 1 

Crystal structure: cubic perovskite type; (Pm3m-Oj). 
K at la position; Ta at lb position; 30 at 3c position. 



^)64W2, 65W2 
64W2. 65W2. 
51 V2 

55R2, 56R2 
58R1 
51V 2 
64W2 



')62T5. 64W2 
V)66U1 
64W2, 65W2. 
67B7 
66W8 

67M2 
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Figuren S. 221 ff. 



^ t 243 at RT. ^ 30 ^k. where = 48. C = 5.7 • 10^ »K. = 4 »K. 

« = x„ + C/(r - ©p]^ ^ > ^ 200 kHz at RT. 
Loss tangent: tan 6 « 1 « ^ 26. 

.A Kaic.nnxat4 2°KandatRT:Figs. 28. 29. 

T=9.10»Vm^C-='at4.2 K. S - ± > 
n.sE curves show no hysteresis character down to 1.6 K. 
P vs'. E at 4.2 °K: see ^ 



■^)65W2,64W2 



64W2 
64R3 
64W2 



„5 C-» at 295 °K. 



(55W2 



The square of the wave nuiui^i ^ 
Cr, see -„ t o • • • 77 °K) : 

Quadratic e^^ic consUnUj^ ^. (0^12 ±0^1) -;C;^^^^^^ KTaO, 
&WofeSectaSce 0^^^^ 'uriace: Fig. 39. 

Effect of interface dc *i«L^ ^/'.J^^. ^nd (111) surfaces: Figs. 40 41. 
Electroreflectance spectra oUlO^^^^^^ 

Effect of polanzation of igM on tne polarization : Fig. 43^ 

Electroreflectance as 1^^^^^^°^^^^^ corresponding energies: Tab. 12. 

F„aday »B«o. n»r b»d .dje. FLg, 46; Tab. 44. 

Fluorescence spectr um of Eu in ■ 

SHSfe^.^ ---- - - — ^ 

Ca co««»*»«'»i?i;'^ f JSuBo pr»sur.; Fig. 51, 



63M4. 67P4 

67P4. 67F2 

65S9 

65W2 
67B1 



64G3, 63G3 
67F4 



67B1, 66B2 
67F2 
65S9 



65W2 



65W2 
66S17 
66W5 



65W2 
65W2 
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II 1 Perovskite-type oxides 



Figures p. 221 ff. 



NMR of "^Ta in KTaO,: spin-lattice relaxation time. T, f«10-» sec at RT; 
spin-spin relaxation time, T, = ^W-^ sec at RT; nuclear magnetic moment of »"Ta 
(/ = 7/2): /)„ = (2.340 ± 0.001) /i„ (uncorrected); {p„ = (2.35 ± 0.01) after 
estimated corrections). ■ t . 

Kuclear magnetic acoustic resonance : the absorption data were given for J m=±2 tran- 
sition of w'Ta as a function of the angle between magnetic field and sound axis [ 1 00] . 
ESR of Eu«+ and Gd'+ in KTaO,: Tab. 14. 

ESRof Fe»+:^ = 1.99 ± 0.01; |a| = (345 ± 10)-10-i'm-i at 4.2 °K; 

„ = (288 ± 5) • lO-i! m-' at RT (Fe>+ is on the Ta^+ site). 

a = 30 -t 1) • 10-« m-» at RT (Fe!'+ is on the K'+ site). 

ESR Stark effect for Fe»+: £biM along [100] induces axial splitting term D 

(D = 12 • 10-2 at fbias = 10 MV m"' at 4.2 °K; Z) oc El^^). 

ESR of Ni»+ located on Ta.^+ site (low spin state) and on site: see 

ESR i n Mn-doped, Co-doped and Cr-doped KTaOg : see 

Phonon dispersion relation for the transverse optical branch: Fig. 52; Tab. 15. 
Temperature dependence of the ferroelectric soft mode : Fig. 53. 
The SQuare of the phonon energy of the ferroelectric soft mode can be approximated 
by (/,;)2 = WA/h. 40 °K < ¥< 295 °K; where A = 2.825 (meV)^ ^(T) is the 
dielectric constant. 

For the ferroelectric soft mode, see also lA-4-9a. 
Phonon energies of the acoustic modes : Fig. 54. 



Etchant: single crystal is slowly etched by dilute HF. 
Band structure and the related properties: see references; 
and Tab. 12. 

Band gap energies determined by various methods : 



) lA-4-9a, 9b, 9d, 10. 



Method 



296 °K 



3.77 eV 
3.62 eV 
3.57 eV 



Faraday rotation 

Electroreflectance singularities 

Absorption data 
Energy at which a « 10° m ' 
Cyclotron resonance of semiconducting KTaO, at 70 GHz and 1.4 °K: microwave 
skin depth, about 30 |xm; see reference paper for the microwave absorption vs. 
magnetic field curves. 



67M4 
66U1 
64W2 
67H3 
67H3 

63W5, 64W2 



67S11 
67S11 



Tab. 11. KTaO,. Transverse optical 
modes at various temperatures [67P4). 
The wave number r,, (ferroelectric 
soft mode) is temperature dependent. 



Tab. 12. KTaO,. (Ca-doped). Singularities observed in elec- 
troreflectance spectra (in eV) [67F4]. See Figs. 40, 41 



196 
198 
198 



4.40 4.88 
4.45 4.90 
4.47 4.85 



5.50 
5.47 
5.50 



Tab 13 KTaO, (reduced). Hall coefficient and HaU mobihty /ih at 
295 °K and 4.2 °K for single crystals [65W2]. Carrier concentrations N are 
calculated from the 4.2 °K Hall coefficient using = —\jNe 











Sample 




m»C-i 


m«V- 


1 sec-i 


Nr. 




(295°K) 


(4.2°K) 


(295°K) 


(4.2'>K) 


1 


3.5 • 10*» 


20.3 • 10-« 


18 • 10-« 


2.7 • 10-» 


2.3 


2 


6.0 • 10° 


12.9 • 10-» 


10.4 • 10-» 


2.9 • 10-» 


1.9 


3 


6.6 • 10° 


11.5 • 10-» 


9.4 • 10-« 


3.1 • 10-3 


1.9 


4 


2.4 • 10" 


3.0 • 10-« 


2.6 • 10-« 


3.0 ■ 10^ 


1.1 


5 


7.8 • 10" 


1.0 • 10-' 


0.80 • 10-« 


3.0 • 10-3 


0.53 


6 


1.3- 10» 


0.62 • I0-« 


0.48 • 10-» 


3.1 • 10-» 


0.34 



II 1 Oxide des Perowskit-Typs 



.14. KTaO. Parameters of ESRspec^^of^Eu-^and 



Gd>+ ions, doped in single crystals c 



Para- 
magnetic 
center 




CaTiO,. Calcium titanate(Petovskite) 
Tab. 16. CaTiO». Ion p ositions. \.57K2] 
0; 0, i, 



4 Ti in 4(a) 
4 Cain 4(c) 



4 O in 4(c): 
8 0 in 8(d): 



Tab 15 KTaO,. Phonon energies 
of L soft ferroelectric mode (trans- 
veree optical mode) at various 
temJei^Wes [675//]- The jvave 
vector q at the zone l^unda^ is 
0.788 k-^ (= "/»)• See Fig. 52 
Phonon energy [meV] 
for q [A-^ = 



10.7 
9.7 
8.6 
7.3 



with ;r = 0. ^ = 0.030. 

with. = i- 0.037.. = -0.018. 

:^i/=:i_%.ol8,, = -0.026.. =i- 



becomes cubic above 1260 
phase 



state 

crystal system 



space group 



e 



orthorhombic 



Pcmn-DJJ 



«1260 °C 



e = 4.10 10»kgm^atRT. 

^.^nnor as shown in fig. P ' 



same manner as shown 

Flame fusion method] ^ 



Crystal structure: Z 
Fig. 55; Tab. 16. 




54G1 

57K2 

46N1 

62M3 

62M3 

57K2 
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II 1 Perovskite-type oxides 



Figures p. 228 ff. 



Nr. lA-5 CaTiO, continued 
Refractive indices : Fig. 59. 
Reflection and absorption: Fig. 60, 61. 



Hardness: Mohs 6.5 ••■ 7, Knoop 986 



Nr. lA-6 SrTiO,, Strontium titanate 



Ferroelectric-l 
phase 



ce behavior of SrTiOg was first observed by Granicher in 1956. 



crystal system 



space group 



r„eit ^ 2000 -c. 
e = 5.11-103kgm-». 
a = 3.905 A at RT. 
Transparent, colorless 



Crystal growth: Flux method (flux: KF or 50% Na,CO, + 50% KjCO,). 
Flame-fusion (Vemeuil) method. 

Phase diagram of the system SrO-TiOj is given in Figs. 297 and 289 of [6411 \. 



Crystal structure : Z = 1. Fig. 62. 



Thermal expansion : Fig. 63. 



Dielectric constant: Figs. 64 ••• 76. 

cSe^efes°law:''x = C/Jt - ©p), T > 70 "K, where C = 7.83 • 10* "K, ©p = 28 °K 
X = MI[{TJ2) coth{TJ2T) - r„]. T < 50 °K. where = 38 °K, T, = 84 "K, 
M = 9 ■ 10* °K. 

Coefficients of free energy expansion at low temperatures : 
Saturation polarization: Fig. 77. 
Remanent polarization: Fig. 78. 



Specific heat: Fig. 80. 
Specific heat below 1 °K, see 
Thermal conductivity: Figs. 81, 82. 
! also 



Piezoelectricity (dc bias induced piezoelectricity) : Figs. 83, 84, 85. 
Electrostriction: Fig. 86. 



Elastic compliances and stiffnesses: Tab. 17; Figs. 87, 88, 89. 



Refractive indices: Tabs. 18, 19; Fig. 90. 

Reflectivity, absorption coefficient and dielectric constant: 

(i) Infrared region: Figs. 91 • • • 95. See also Tab. 42. ^ , _ 

(ii) Visible and ultraviolet region: Figs. 96 •• • 102. See also Tab. 43. 
Quadratic electrooptic effect: M„ - M„ = (0.14 ± 0.01) m* C-» at 6328 A 
(4.2 •••300 °K). 

I Piezooptic effect: Tabs. 20, 21. 



• In phase II a hysteresis loop is observed,"), *) but the remanent polarization depends upon the amplitude of the applied 

field. According to Lytle, phase II consists of three phases. ») [S9W21 ») [6fM3], [64L'f] 
'* Generally the phase I is believed to be cubic but evidence ot pseudo-cubic structure was reported by a few authors. 

164L4], [66C6] 
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N,. iA-6 SrTiO. continued 
Faraday rotation: Fig. 103. See also 
Raman effect: Fig^l04. 
BriUouin scattenng. Fig. lU^- 



quality single crystal) at RT. 



fir's?" ?o?S3Si&rdiS.r. 

Figs 107 ••■ 110- 

Hezoresistivity : Figs-.m. "2. U^- 

Photoconductivity: Figs. lU, Hf- schoolev et al. in 1964. 

Photoemission : Fig. n6 .emiconductive SrTiO, by Schoolev 

^^'i^^^^'^^^S^: _ ,,,1, superconductive SrTiO. is of the order 
legation depth of static magnetic field in pe 

of 102l5:_ rr 

NMR:Fig. 121. 

ESR: Tab. 26; Figs. 122 - 130. 

Mossbauer^fifSill^ 

^S^^^^^^i^^^^^^^^^^^ Tt^e to» domaLs in tetxagonal BaTiO,. 



66K1 



61g1 
61 g1 



64F5. 67T6 
66T10 

64S5 

66S16 




Radiationdamage^Fig^^ 



IS determined theoreti- 



X^aaia- * vo,^^— o ^ 

cally by Kahn et al: Fig. HI- 

S^SS^n^ShubmJov^^^^ 
Thiconductaon band «^nsiste oi^ ^^^^^^^ 



65S18 
66F3. 67F3 
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Figures p. 236 ff. 



Tab. 20. SrTiOj. 77„ vs. A at (27 ± 1) °C. [57G1] Tab. 21. SrTiOj. /7j,-77,i vs. A at (27dbl)°C. [57G/] 



4200 
4300 
4400 
4500 
4600 
4700 
4800 
4900 
5000 
5100 
5200 
5300 
5400 
5500 
5600 
5700 
5800 
5900 



-3.69 
-3.74 
-3.78 
-3.99 
-3.965 
-4.13 
-4.09 
-4.22 
-4.33 
-4.32 
-441 
-4.51 
-4.59 
-4.575 
-462 
-469 
-4.79 
-485 



6000 
6100 
6200 
6300 
6400 
6500 
6600 
6700 
6800 
6900 
7000 
7100 
7200 
7300 
7400 
7500 
7600 
7700 



-492 
-499 
-5.05 
-5.12 
-5.13 
-5.18 
-5.22 
-5.29 
-5.52 
-5.48 
-5.555 
-5.62 
-5.77 
-5.73 
-5.78 
-5.79 
-5.825 



4200 
4300 
4400 
4500 
4600 
4700 
4800 
4900 
5000 
5100 
5200 
5300 
5400 
5500 
5600 
5700 
5800 
5900 



9.03 
9.23 
9.03 
9.26 
9.12 
9.12 
9.14 
9.16 
9.35 
9.44 
9.61 
9.54 
9.68 
9.56 
9.85 
9.85 
9.86 



6000 
6100 
6200 
6300 
6400 
6500 
6600 
6700 
6800 
6900 
7000 
7100 
7200 
7300 
7400 
7500 
7600 
7700 



9.95 
9.94 
9.91 
9.84 
9.82 
9.88 
9.96 
9.92 
9.98 
9.99 
9.91 
9.92 
9.94 
9.99 

10.05 
9.90 
9.92 

10.02 



Tab. 22. SrTiOj (single crystal). Effects of electrode material on the apparent conductivity [65CS]. 
Measurements were made by the two terminal method at T = 130 °C, / = 24 hours after the applica- 
tion of the field E = 100 kV m-» 



a [0-1 m-i] 
after 24 h at 130 °C 



Form of a 



s. t c 



8- 8 • 10-« 
6 0 • 10-" 

9- 5 • 10-" 
2-9 • 10-'» 



Fall then rise 
As for gold 

Fall followed by slow rise but without saturation 
Continuous fall tending toward steady value 
Similar to chromium 

Similar to chromium (for a field of 400 kV m-^ 
behavior is like that of gold) 



Tab. 23. SrTiO, (single crystal). The 300 °K and 2 "K Hall coefficient and HaU mobility /ig values 
and the 300 °K electron concentrations for semiconductive single crystals. 167TS]. In the first column, 
(Nb) means Nb-doped samples, the other samples are reduced ones 



10-« m» C-> 



2 °K 
-I 10-»m»V-' 



1.2 • 10" 
45 • lO^' 
2.7 ■ 10» 



13(Nb) 
8(Nb) 
10(Nb 
14(Nb) 
15(Nb 
11 (Nb) 



14.0 
22.0 
44.0 



12.0 
13.0 
19.0 
22.0 



Tab. 24 see page 50 
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Figures p. 236 flf. 




Figuren S. 243 
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(Ba.Sr...)Tio?li?Sirr "JS^ [f/!^^^ '^^^'^onauoU.e properties of 

curve first deviat^ from* I^iS/f S) fthe S^T/'h ""j^^ ''^^ magnetization 

= Carrier concentration © - srelond ^ i''^ ^"^"^ ^^-^ ^ ° 
- superconducting transition temperature 




' phase 



crystal system 



space group 



orthorhombic») 



Pc2in«>)-q, 
, ^. -223-'. • -213 °C 

^^fr^L^rtt^enttloXV l.-'"^^' ^ = 5.417AatRT 
^^^^l^^^^^^^':;^hT2T^ pseudoJubic monoclinic cell 
Flux method m.,^. yin ..^o/ XT „. : — rr ^ 



4. Crystal structure in phaj! 
Dielectric constant: « = 250 at RT. xT^^ 



I: Tab. 28; Fig. 138. 



3). 



b I Effect of £, 



ibiM on «: Fig. 139. 



Tab. 28. CdTiO,. 
fractional coordinates of 
atom..! m the unit cell " 



0p). C = 4.5 • 10* »K. 



59H4 



'■)50S7 
^)57K1 



50S7 
57K1 



57K1 





0 + 0.006 


0 - 0.006 


y 




i 




0 + 0.016 


0 - 0.016 




i + 0.005 


J - 0.005 


y 


0 






: 0 - 0.065 


0 + 0.065 




0 - 0.03 


0 + 0.03 


y 




i 




i + 0.05 


4 - 0.05 




i + 0.05 


i - 0.05 


y 


0 - 0.03 


0 - 0.03 




i + 0.06 


i + 0.06 




i + 0.05 


i - 0.05 


y- 


i + 0.07 


i + 0.07 




i + 0.06 


i + 0.06 



* + 0.065 


\ - 0.065 


i + 0.03 


i - 0.03 




i 


0 + 0.05 


0 - 0.05 


f - 0.05 


i + 0.05 


i - 0.03 


i - 0.03 


i - 0.06 


i - 0.06 


f - 0.05 


i + 0.05 


0 + 0.07 


0 + 0.07 


i - 0.06 


J - 0.06 
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^0S7. 50H2 

Estimated 

±0.002 

±0.002 
±0.005 

±0.010 
±0.015 
±0.025 
±0.015 
±0.005 
±0.015 
±0.015 
±0.005 
±0.015 
±0.015 
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Figures p. 244 ff. 



Nr. lA-8 BaTiO,, Barium titanate 










(Responsible authors for this section are as follows: Ikeda, Nakamura, Nomura, Sawaguchi, Shiozaki 
and ToYODA, abbreviated as INaNoSaShiTo). 


la 


The anomalous dielectric properties of BaTiO, were discovered on ceramic specimens 
independently by Wainer and Solomon in 1942, by Ogawa in 1944 and by Wul in 
1945. The ferroelectric activity of BaTiO, was reported independently by von Hippel 
and co-workers in 1944 and by Wul in 1946. The structural change associated with 
the cubic-tetragonal phase transition was observed, by means of x-rays, by Megaw 
in 1945, independently of the above dielectric studies. 


42W1, 4401, 

4SW1 

44 V 2 

46W2 

45M1 


b 


phase 


IVa) 


ma) 


11") 


I") 




'■)49K2.49R1 

*>)45M1 

'')46Vt,46W1 






Fa) 


Fa) 


FO) 


P") 








rhombo- 
hedral") 


ortho- 
rhombic") 


tetragonal") 




hexagonal*)* 






space 
group 


R3m-C|v"') 


Amm2-Q*a) 


P4mm-CiT") 


Pm3m-Oi") 


C63/mmc-DJ^4) 






0 


-90») 5a) 120")** I46(fl) °C 






II [001] in phase II (along [100] of phase I). 
P, II [001] in phase III (along [110] of phase I). 
P. II [111] in phase IV (along [111] of phase I). 

The directions of P, are illustrated along with lattice distortions in Fig. 140. 
T^eit = 1618 °C. 

Tetragonal form (phase II) : e = 6.02 • IC kg m-* (calculated from lattice constants) 
a = 3.9920 A, c = 4.0361 A at 20 "C. 
Transparent, light brown. 

Hexagonal form: o^^ = 5.735 A, c^^ = 14.05 A at RT. 
Q = (6.1 ± 0.1) • 10= kg m-». 


51 W 2 
51R1 
48B3 


2a 


Crystal growth: Flux method (flux KF") or TiO,-rich melt»)). 
PuUing method (top-seeded solution growth technique using exc 
solvent). 

Melting method (with limited success). 
Tab. 29; Fig. 141. 


ess TiOj as the 


'■)54R1 ,^)65S8 

63L3 
50V2 


b 


Crystal forms: For butterfly- type : Fi 
For chunky type: Fig. 143. 
For hexagonal form: Fig. 144. 


142. 








3 


Crystal structure of phase I : Z = 1. Tab. 30. 
Crystal structure of phase II: Z = 1. Tab. 31. 

Crystal structure of phase III: Z = 2. Tab. 32; Fig. 145, 146; Tab. 33. 
Crystal structure of phase IV: Z - 1. 

Crystal structure of hexagonal form: Z .-= 6. Tab. 34, 35; Fig. 147. 




4 


Lattice constants of phase I, II, III, and IV : 

Phase I : a = 3.996 A at 120 °C. 

Phase II : a = 3.9920 A, c = 4.0361 A at 20 "C. 

Phase III: a = 3.990 A, 6 = 5.669 A, c = 5.682 A at —10 °C. 

Phase IV: a = 4.001 A, « = 89° 51* at -168 "C. 

Thermal expansion: Fig. 148, 149; Tab. 36, 37; Fig. 150. 

Lattice distortion due to p : Fig. 151. 


47M3 
51R1 
57S2 
57J2 


5a 


Dielectric constant: Fig. 152, 153, 154, 192. 
Dielectric dispersion: Fig. 155 ■•• 159. 

Further data from optical measurements: Fig. 201; Tab. 42. 
Effect of p on x: Fig. 160, 161, 162. 
Phase diagram in regard top: Fig. 163, 164. 
Effect of Ebia, on 0,: d©r/d£b,„ = 1.43 • 10-^ °K V-» m; 
on x: Fig. 165. 




53M2 


|| b 


Non-linear dielectric properties: Fig. 166. 

f = -5.5 ■ 10« J C-* m', C = 1.7 • 10" J C-« m». 






53M2 



ransition from the hexagonal form to the ci 
; cooling from above 1460 °C. 

' In most papers this Curie point has been reported to be about 120 °C, but it seems 
t t«/2]. 



very sluggish and the hexagonal form can be produced by rapid 
about 130 "C for pure BaTiO, 
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Figuren S. 249ff. 



Specific heat: Fig. 176, 177. 
Transition heat, transition entropy; Tab. 38. 
b Thermal conductivity: Fig. 178, 179. 



Nr. JA-8 BaTiO, continued 
Spontaneous polarization: Fig 167 168 
Effect ofp on P.: Fig. 173. 

Electrocaloric effect: Fie 174 
Pyroelectricity: Fig. I75 



II 1 Oxide des Perowskit-Typs 



Kezoelectricity: Tab. 39, 40; Fig. 
Electrostriction : Fig. 184. 185. 



Elastic --piianc^^;;;^;^^;;;^^^ 

Non-lmear elastic properties: Fig. 194. 



Refractive indices: Fig. 195, 196 197 
Birefringence: Fig. 198, 199 
Reflection and absorption- ' 
1) tar-infrared region. Fig. 200, 201- Tab 42 



Linear electrooptic effect: Fig. 212 
0^**"*= electrooptic effect: 
K, measured at 6328 A 



- ^12} = {+ 0.13 ± 0.02) ni« C-i 



Faraday rotation: Fig. 216; Tab. 44. 

nm«i w,U, eh, Nd-doped CWO, ter torn ' ^iHn. ± ± L W 

Raman scattering: Fig. 218. 
Luminescence: Fig. 219, 220. 

Piezoresistivity: Fig. 231 232 
For additional data, see ' 

|Kd&lYTaf?U^^^-2^^'2^^- 

S^r"t?a°n'5^*i?;];^^^^^^^ 
an.o.opic^/T;rr^i?.->^^^^^^^^ 

St^^^etl^?^^^^^^^^ = ,0-»... lO-Hv) 

has been estimated vs. T. minima and the a-axis conduction band minima 

in w-type single-domain 
Data are available 



5813. 59F1. , 
64K3. 64U1 



... ^v^iaoie onte'S?c;efficienrinr'-'^*^ = (6 5 ± 2) m„ 



ESR: Tab. 46; Fig. 239 • • ■243. 
Mossbauer effect: Fig. 244 ••• 247. 



Diffuse X-ray scattering: Fig. 248 249 ■7<k(\ 
Inelastic neutron scattering: Fig 251 
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Figures p. 264 flf. 



Domain structure: Domains have been observed by various methods: polarized 
Ught»), X-raysb), electron microscope"), etching method-J), powder pattern method'), 
and decoration method'). 
Fig. 252 •••255. 



Domain waU motion: Domain wall motion has been observed optically) and by re- 
peated differential etching.") The domain shapes in motion depend on the apphed 
field and temperature.") Fig. 256. 

The wall velocity is proportional to exp (-5/£) at relatively low field. 6 = activa- 
tion field for domain wall motion. Fig. 257 • • ■ 267. 



Surface layer: The first suggestion about the existence of surface layers of BaTiO, 
crystals was made by Kanzig») on the basis of electron diffraction studi^ of very 
small particles of BaTiO,"). The dependence of the following quantities on the thick- 
ness of the crystals has been observed as evidence of the existence of surf ace layers : 
domain waU velocity"), dielectric constant^), optical absorption coefficient') and 
electroluminescence spectraO- Pyroelectric current was observed alx)ve the Cune 
Doint and discussed in connection with surface layers'^). A few models of surface layers 
have been proposed!"). According to Tanaka and Honjo'), the surface layer, if it 
exists, seems to be very thin. 



Radiation damage: Fig. 268, 269. 



Energy band structure: Fig. 270. 



Tab. 29. BaTiOj. SolubiUty in KF solution. /] 



Tab. 30. BaTiOj. Fractional 
coordinates of atoms in the 
unit cell of phase I. [S2M2] 







y 




Ba 


0 


0 


0 


Ti 


i 


4 


4 


O 


i 


4 


0 




i 


0 


4 




0 


4 


4 



Tab 31 BaTiO. Shift of atoms in fractional coordinates of phase II from the positions of phase I. 
[SiKIl [SSFI], [61E3] 



-0.032 
-0.023 
-0.024 
-0.026 



0.48 

0.273 
0.27 0.28 
0.27 0.28 



0.13 

0.152 
0.53 0.21 
0.46 0.30 



0.13 
0.334 
0.90 0.08 
0.90 0.50 



0.48 

0.267 

0.60 0.49 0.07 

0.60 0.90 0.90 



51K1 
55Fi 
61E3 
61E3 



e positions of atoms in the unit cell a 
"i) at (i, 0, i -h dzom). 



e Ba at (0, 0, 0), Ti at (i, ^. \ + dz-n), 0(1) at (J, J, d^ou)) and 
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0(1) 
0(2) 



^'Ti = +O.0.„. „. 

^yob) = +0.003 



i + ^yow 
i ~ ^yow 



^zo(,) = -0.010; <5^0U) = 



i + S^ob) 
i + <5'oft) 
i + •5^0(2) 

-0.013; 



__and III, respectively. [S7S2^ 



0(1) 
I 0(2) 



Orthorhombic 



Ba at (000) 
+0.06 A 
-0.06 A 
-0.07 A 
±0.02 A 



Tetragonal 



+0.06 A 
-0.09 A 
-0.06 A 



Origin is chosen to give d^oft) = 0 
jTi I +0.13 A I +0.15 A 

(f), z = 0.097, 



4Ba(2) at iii, 
2Ti(l) at a), 
4Ti(2) - 
60(1) 
120(2) 



at (a). 

at (f). , = 
atfh), 

at (k). X = 



0.845. 
0.522, 
0.836, 2 



= 0.076 



m theTi,0.^o„p'' '^-agonal structure. 14SBS^ 

the shared face. 

the san,e layer but the atoms do not belong to the same shared face. 



0(1) - 



0(1) =2.49A 
= 3.25 A 
0(2) - 0(2) = 2.91 A 
0(1) - 0(2) = 2.91 A 
Ti(2)-0(1) = l.96A 
Ti(2)-0(2) =2.02A 
in the TiO, octahedra 
0(2) _0(2) =2.82A 
0(2) -0(2) =2.69A 
Ti(l)-0(2) = 1.95 A 



in the same layer, 
between adjacent layers 
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gSSS 



7 '7^!^!? 



3 S 



-I- 



3 




it: 

(3 



INaNoSaShiTo 



II 1 Perovskite-type oxides 



Figutes p. 262 flf. 
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o + 
II 11 
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±0.0 


±0.C 








Q « 


Q « 


Q « 


Qlq 


q.« 


Q e 








1 








2.459 


2.51 


1.911 


1 




o 

-H 


)036 ± 0.002 1 


o 

-H 


D036 ± 0.002 1 


D03 ± 0.002 


347 (isotropic) 




.995 ± 0.003 


.995 ± 0.003 








.950 ± 0.005 


.935 ± 0.005 
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Tab. 42. BaTiO,, SrTiO., TiO, KTaO r);=r. • " ~-— 1 



296 ± 8; 33.8 ± 0.9 
2.5 ± 0.1 
1830 ± 70 




56.3 ±0.5; 178 ±2.0 
0-039 ± 0.004 
3.6 ± 0.4 



0.058 ± 0.006 
108 ± 0.1 

54.8 ±0.5; 183 ±1.8 
0.19 ± O.OI 
"'•5 ± 4.1 



114.3±1.1;87.7±0 9 
0.5 ± 0.1 

I x> ^ ■''^ ± ^2 I 81 5 



49.8; 200.8 
0.055 ± 0.011 
7.6 ± 1.5 

107.5±2.0;93.0±2 0 
0.5 ± 0.1 
163 ± 33 



strength 4;te,- 
Q eV) 



different dispersion functions F,(a,/c»,). se'e [57fi7] 



I Faraday rotation 



araday rotation 

j Energy of reflectivity 
J peak or shoulder 

Energy of electroreflectance 
I singularity 

I » «) J from absorption data 
I Hneigy at which absorpti, 
coefficient a 10* cm- 




Materials 
(dopants) 


References 


Single crystal 
BaTiO,: reduced 
BaTiO,: Nb 


57H1, 63K}, 6414 
64G4. 65M1, 65V2 
64B11 



Materials 
(dopants) 

Ceramics 
BaTiO, 
BaTiO,: La 

BaTiO,: Ce 
BaTiO,: Sm 
BaTiO,: Gd 
BaTiO,: Sb 
(Ba-Sr)TiO, 
(Ba-Sr)TiO,: La 
BaTiO,: Sr, Ce. Sn 
BaTiO,: Sr, Ca, Sn 
BaTiO,: Sr, Bi 
BaTiO,: Mg, Ce 



References 



63H5. 65U2 

59S1. 63T3. 64 J 1 

65M1 ^ ' 

63T3 

63G5 

65U2 

65 A 3 

61 H5. 65 A 3 

59S1, 61 T1, 63T3 

61S1 

61S1 

63T3 

61S1 

61S1 

61S1 





Nr. lA- 


la 


F 




Si 


b 


_pl 

St 




~cr 









a 


2a 


Ci 


b 


Ci 


3 


C: 
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4 


T 




E 


— 
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s 




~A 








1 


7a 


P 


9a 


I 




I 

P 


12b 


E 


14a 


r 


16 


I 
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Figures p. 268 ff. 



Nr. lA-9 PbTiOj, Lead 



phase 


III')* 


II.) 


I") 






F.) 


p.) 


crystal system 




tetragonal"=) 




space group 




P4mm-Cl^ 


Pni3m-Oi 



Ferroelectric activity was reported independently by Shirane et al. and by 
Smolenskii in 1950. 



0)5156 
^)55K3 
'')46M2 



= 3.9045 A, I 



lOO") 490.) 
4.152t A at RT (in phase II). 



Crystal growth: KF flux method; PbCl, flux method. 
Crystal form: Fig. 271. 



Crystal structure : Positional parameters : Tab. 47, 48. 
Projection of crystal structure: Fig. 272, 273. 



Thermal expansion : Fig. 274 •• • 280. 

Dependence of lattice parameters on hydrostatic pressure: Fig. 281. 



Dielectric constants: Fig. 282. Small dielectric anomaly was observed at about - 
and -150 "C. 

Curie-Weiss constant: C = 1.1 • 10^ "K (single crystal). 



56K2 
62B4 



Specific heat: Fig. 283. 



cal °K-' mol 
Thermal conductivity: Fig. 284. 



51S7 
51S7 



Piezoelectric properties : Tab. 49. 



Birefringence: Fig. 285. 

Infrared absorption: Fig. 286, 287. 

Frequencies of infrared modes : Tab. 50. 



ESR: Tab. 51. 



Domain structures were observed by polarized light. 



16 Radiation damage: Fig. 2 



Tab. 47. PbTiOj. Positional 
parameters of atoms at RT. 
[56S5] 







y 




Pb 


0 


0 


0 


Ti 


i 


i 


0.540 


0(1) 


i 


i 


0.112 


0(2) 


i 


0 


0.612 




0 


i 


0.612 



Tab. 48. PbTiOj. Bond lengths in A at RT 
(phase II) and at 490 "C (phase I) [55S5]. 0(1)+ 
represents the 0(1) ion closer to, 0(1)_ that fur- 
ther away from Ti. Similarly 0(2)+ is closer 
to Pb 





II (at RT) 


I (at 490 "C) 


Ti-0(1)+ 


1.78 


1.89 


Ti-0(1 _ 


2.38 




Ti-0(2) 


1.98 




Pb-O(l) 


2.80 


2.80 


Pb-0 2)+ 


2.53 




Pb-0 2)_ 


3.20 





Phase transition II-lII was reported to occur only if the cooling rate is extremely slow. [SSK)] 
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Tab. 49. PbTiO, (modified 
ceranucs).Electromechan- 
ical constants at RT 
[6SUt] 



II 1 Oxide des Perowskit-Typs 



II. 10* ^-1 "'ave numbe , 

fro, "i ^ symmetries of in- 
frared modes of lattice vibration 
obtained from Kramers-Kronig 
analysis of the reflectanr^ 



Additive 


If 


BiZn,/jTij/,0 
5.0 mo]% 


■'^ij/s Zn i/jNb j/jO, 
5.0 mol% 




cja 


3.915 
4.104 
1.049 


3.904 
4.148 
1.062 


3.911 
1.057 


A 

A 


e 

porosity 

e 


7.19 
0.105 


7.68 
0.036 


0.10 


lO'kgm-a 


466 


524 




°C 




226 


195 
147 


244 






10 

37 


3.9 
37 


7.4 
47 


10-" c 

10-"CN-i 


^31 
^33 


5.2 
16 


3.0 
28 


4.1 
28 


10-»m« C-i 
10-3 m' C-i 


sf. 


1.2 
1.1 


1.2 
0.95 


1.1 
1.1 


10-»m»N-i 
10-" m* N-i 


for s„ 
for 


-^336 
71 


54 
74 


326 
76 




*15 
*3, 


0.068 
0.23 


0.40 
0.031 
0.32 


0.36 
0.052 

0.35 1 





RT. [6SP4] 



(Ti-O stretch) 


(Ti-O, torsion) 


(O-Ti-O bend) 


Vt 

(cation-TiO, 
lattice mode) 




530 


400 (B„ £„) 


220 (E„, A.) 
172 " 


83 (£„,^,) 





Paramagnetic 
center 



Site 



GHz 



g-factor 



.A... C^. c..,„„ ' °°* 



^, ^ _ J , JO ^ j^ ^. „o _ 

Linear thermal expansion - « = « 55 ■ in-e or-i u Z 

« = 9.53 ■ 10- »C-> between Izii^nl iU^f}^^''.^^ °^ 223 °C; 
0 = 4.95 • 10» kg m-» ^ ^"'^ ^ ceramics of bulk density 



SSCt 



Infrared absorption: Fig. 289. 290; Tab. 52. 

lltticf viSa^tS' o'SLTTrom &ameS ""odes of 
d^tHtRr'^pl] """'^"^ reflectance 
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Figures p. 271 



r. lA-11 SfZtOj, Strontium zirconate 



A few physical properties of SrZrO, were studied in comparison with those of s 



: ft 71; . io-« °C-^ between 23 "C and 320 °C; 

ItTlM^'w^ 'c^-^Xeenl20 "c and 700 °C for ceramics of bulk density 



= 5.00 • lO' kg 



Infrared absorption: Fig. 291, 292; Tab. 53. 



57R2 



^ ilM m-i and symmetry of infrared modes of 



(Zr-O stretch) 


(Zr-Oj torsion) 


(0-Zr-O bend) 


(cation-ZrOj 
lattice mode) 


522 (B„B„^,) j 32MB,. B,.^,) 
1 (379) 


240 (B„ Be, /4,) 


143 (B,. St. A,) 



Nr lA-12 BaZrOj, Barium zirconate ^ 

4.192 A at RT. 



— '—^ " — : 777 1 n-« "C-^ between 23 °C and 214 °C; 

« 6.5^ »C-°bXeenll4 °C and 324 "C for ceramics of bulk density 



p = 6.73 • Iffl kg 



Infrared absorption: Fig. 293, 294; Tab. 

Tab. 54. BaZrO.. numt.:. in^O^m^^^^ 

of lattice vibration obtamed ^rame^^^mg ys 



(Zr-O stretch) 



(Zr-Oj torsion) 



(O-Zr-O bend) 



(cation-ZrO,) 
lattice mode) 



Nr. lA-13 PbZrOj, Lead zirconate 



Dielectric anomaly of PbZrO, ^iated wifj ^a^PS-lS^-il^fsffi on^^t 
pendently by Robert and by Smolenskii m ivau. p -^^ 
Tool) Flection of cry^Ul st™^^^ ^ et al.. 

same year antiferroelectm douW^^^ Lsteresis loops were observed. 



phase 


1I») 


I») 


state 


A") 


pa) 


crystal system 


orthorhombic") 


cubic") 


space group 


Pba2-C|v«) 


PmSm-Oi") 


0 


230 


°C») 



a = 5.87 A. 6 = 11.74 A, c = 8.20 A at /m pha^,,7^.te\^^^^^^^^^ 
phase I becomes pseudo-tetragonal m phase II. The Ps«"^° and a = /2 a'. 
• ■ are riated with the orthorhombic cell constants a. band ..a 



-inoriiw"*!^'^'^ vv,.. «^ 



Relation between 



Crystal growth: PbClg flux method. 



50R1. 50S7 

51S3 

51S8 

>)S0R1 
>)51SS 
')51S3 



Figuten S. 271 ff. 



II 1 Oxide des Perowskit-Typs 



3 
4 


Nr. lA-13 PbZrO, continued . 

jru&iuonai parameters anrl ciiif+e -fw^^ *j » . ^-i -to ions. 
Projection of ZrO.: Fig 296^97^9^ perovskite positions: Tab. 55. 
Bond distances between Zr 6: Fig. 299. 


51 S3 •' ' 
57J4 


5a 


ITiermal expansion : Fig. 300 • • • 303 — 

«o. s -0.05 • 10-* °K-i and ~ 2 80 ■ lO-s "T^-i ■ u . 
«o. s 1.10 • 10-5 °K-iin phas^ilrwL P^^^ 
-^55«i£i!B!£^l2Bgthep^^ expansion 


52S1 


6a 


Uielectrir. rnncton+o. pjj, -,Q^ i-T! /• 

^tHJ^'^f ' °^ (determined with ceramics) 
ttfect of pressure: Fig 305 
i^&aldp)^„ = (4.1 ± 0.2)10-« °K N-i m'. 
Critical field : Fig. 306 


50R1 
66R2 


b 

8 


For the transition II-I : AQ„ = 440 cal mol-» • /i c n oo . . 

Thermal conductivity: Fig 308 ' " ^ " »K-^ mol-a. 

Elastic compliances: Fig. 309. ~ ■ . 




52S2 


9a 
16 


Bu-efnngence: Fig. 310. " ■ 

Infrared absorption: Fig. 311. 312- T=.h 






Kadiation damage: Fig 313 





Tab. 55. PbZrO, (ceramics). Atomic coordinates and shifts frn^ .m . 

tes ana Shifts from Ideal perovskite positions at RT. [J7 J 4] 



0(1)' 
0(1)- 

0(2)' 
0(2)" 
0(3)' 
0(3)- 
0(4)- 
0(4)- 



0.706 

0.706 

0.243 

0.243 

0.270 

0.270 

0.040 

0.040 

0 

0 





Wyckoff 




notation 


0 


4c 


0.500 


4c 


0.250 


4c 


0.250 


4c 


0.980 


4c 


0.480 


4c 


0.300 


4c 


0.750 


4c 


0.250 


2b 


0.800 


2b 


0.250 


2a 


0.800 


2a 



Total 
shift 
A 



0.26 
0.26 
0.04 
0.04 
0.35 
0.35 
0.53 
0.34 
0 

0.41 
0 

0.41 



Tab. 56. PbZrOj. Wave numbers in 10" m-i »nH ^ 

Obtained from Kramers-Kronig anal^^j g rS^t^cTS lt^R"?" r°^^J?ff " 
V. _ I ~ r 



V, 

(Zr-O stretch) 



508 (£„,^,) 
Nr. lA-14 PbHfO,, Lead hafnate 



(Zr-Oj torsion) 



290 (Bj, E^) 



(O-Zr-O bend) 



221 A^) 



(cation-ZrO, 
lattice mode) 



80(£„^j) 



state 


(A) 




1 
P 


crystal system 

(Si 


pseudo-tetragonal 


tetragonal 





Lattice constants for the pseudo-tetragonal phase : a' 



215 °c 
= 4.136 A, c'/a' = 0.991 at RT. 



53S3 
53S3 
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Figures p. 274 ff. 



Thermal expansion: Fig. 314. 

Cubic thermal expansion coefficients: below 158 °C: 20 • 10"* deg-^; 
above 215 °C: 27 • 10"° deg-'. 



Nr. lA-15 BiFeOj, Bismuth ferrite 



In I960*) it was pointed out on the basis of x-ray studies of the solid solution, 
PbTiOj-BiFeO,, that BiFeO, could have a ferroelectric Curie point at high temper- 
atures. The Curie point was estimated to be about 850 °C from studies of the same 
solid solution"). 

Disagreement, however, exists among many experimental data reported so far, 
therefore reservation is necessary in deciding whether BiFeO, is ferroelectric or anti- 
ferroelectric. 

Antiferromagnetic anomaly in BiFeO, was observed by direct magnetic measure- 
ments at about 370 "C"). 



IV 



rhombohedral 



III 



rhombohedral 



II 



rhombohedral 



I 



a = (3.962 ± 0.001) A, a = 89° 31' ± 3' at RT. 
Further references are available on unit cell parameter 



Crystal structure: From the x-ray diffraction studies, BiFeO, was found to belong to 
one of the five space groups: R 3, R 3, R 32, R3m and R3m. 

Neutron diffraction studies suggested that BiFeO, belongs to the non-centrosymme- 
tric space group R3m. The crystal structure can be regarded as consisting of alter- 
nating FeO, and BiO, trigonal pyramids: Fig. 316; Tab. 57. 

According to the electron diffraction study, BiFeO, belongs to the non-centro- 
symmetric space group R3m at RT. Atomic coordinates: Tab. 58. 
The space group R3m was, however, rejected by Smolenskii et al., because it does 
not satisfy the conditions for the existence of weak ferromagnetism. 
The magnetic structure of BiFeO, was proved to be G-type by the neutron diffraction 
experiments. Fig. 317, 318. 



Unit ceU parameters: Fig. 319, 320. See also 



Dielectric constant: Fig. 321, 322, 323. 
No reUable data on the dielectric constant in the high temperature region near 81 
are available. ^ 



c susceptibility: Fig. 324. 

no spontaneous magnetic moment w 



5 observed in the fields up to 22 kOe. 



Mossbauer effect: Fig. 325, 326. 



Tab. 57. BiFeO,. Values of the 
interatomic distances [A]. [63 KS^ 
See Fig. 316. See also [64T6\ 



Tab. 58. BiFeO,. Atomic coordinates. [64TS] 



Bi-Fe (A) 
Bi-Fe (B) 
Bi-0 (C) 
Bi-O (D) 
Fe-O (F) 
Fe-O (G) 
O-O (H) 
O-O (K) 
O-O (L) 



520 °C 



3.841 
3.006 
2.903 
2.680 
2.233 
1.754 
2.841 



20 "C 



3.857 
2.994 
2.907 
2.693 
2.214 
1.774 
2.859 
2.800 
2.724 

k ferromagnetic. [tftfY^] 



Atom 




y 




Bi 

Fe 

0(1) 

0(2) 

03) 


0.0337 
0.5000 
-0.0280 
0.5000 
0.5000 


0.0337 
0.5000 
0.5000 
-0.0280 
0.5000 


0.0337 
0.5000 
0.5000 
0.5000 
-0.0280 
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11 1 Oxide des Perowskit-Typs 



Nr. 1A.16 KIO3, Potassium iodate 




r„eit = 560 "C. 
e = 3.979») • lO'kgm-'. 
') A different value, 3.802 
a = (4.410 ± 0.005) A a = 
a = 8.921 A, 6 = 8.916 A, 
triclinic system. 
Transparent 



is also given in the same reference. 

= 89,41 " at RT, adopting trigonal system. 

'■ = ^-885 A, a ^ ^ ^ y ^ 90° ± 30- at RT. adopting 



Hydrothermal method : Fig 327 

Sra^^e^'pS. m^P"''*"""'^' ^'^-^ 1° " 



• 14% HIO, at a constant tem- 



n phase III, adopting trigonal system, 
n phase III, adopting triclinic system. 



Lattice deformation- .» 
"T'20' - 0.09 (T - 



= [4.44 + 0.00022 (T 
220)' in phase I (T in 



Dielectric constants: Fig. 329. 330. 
Spontaneous polarization: Fig. 331. 



- 220)] A, 



60S5 
65F3 



61H3 
27tn1 



61H3 
65F3 



Absorption edge: Fig. 332. 



NMR: Fig. 333. 



66H17 
61H3 



IB Complex perovskite-type oxides 

Nt. IBl-i (K^/;Bv,)TiO^ Potassium bismuth 



n (Kj/2Bi,/j)TiO, was found by Smolenskii and Agranovskaya i 



phase 


III 


II 


I 


state 


(F) 


(A) 


P 


crystal system 


tetragonal 


pseudo-cubic 


cubic 


space group 






Pm3m-Ot 



410,380») 

a = (3.913 ± 0.003) A, c = (3.993 ± 0.003) A at RT. 



Crystal structure: Disordered perovskite. 



Lattice distortion: Fig. 334. 
Thermal expansion: Fig. 335. 



5a I Dielectric constant: Fig. 336. 



Nf. IBl-ii (Na^,Bi,;,)Ti03, Sodium bismuth titanate 



I fg'l^^'^'^tri^ty {Na./,Bi,/,)TiO, was found by SMOLENskii and Agranovskaya in I 

I S9S6 

-^^^"^elSris^^^^^^^^ f^^^^- 
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lb 


phase 


Ill 


II 


I 






state 


F 


(A) 


P 






crystal S3rstem 


rhombohedral 


pseudo-cubic 




6215 




space group 






Pm3m-Oi 






0 


«.200») 320 °C 


')60S6 




a = (3.891 ± 0.002) A, a = 89° 


36" ± 3" at RT. 






3 


Crystal structure : Disordered perovskite. 




4 


Thermal expansion: Fig. 337. 




5a 


Dielectric constant: Fig. 338. 










Spontaneous polarization and coe 
iTe « 14 ■ 10= kV m-» at 116 °C. 


reive field : P. 8.0 • 10-» C m-»; 


60S6 



Nr. lB2-i Pb(Mg,/2W,/,)03 



la 


Antiferroelectric properties of Pb(Mg,/2Wi/2)Oj were discovered by Smolenskii et al. 
in 1959. 


5PS7 


b 


phase 


II 


I 






state 


A 


P 






crystal system 


orthorhombic 




62Zf 




space group 


C222i-D| 








0 


38 °C 






a = 22.74 A, 6 = 22.79 A, c = 15.90 A at RT. 
Orthorhombic unit cell: see Fig. 339. 




2a 


Crystal growth: Crystal growth of Pb(Mgi/jW^j)03 was reported by Myl'nikova. 


60M2 


3 


Crystal stancture: Pb(Mg,/2Wi/j)Oj has the structure of perovskite type. Fig. 339. 
Z = 64 (molecular unit: PbjMgWOj). 


62Z1 


4 


Lattice distortion associated with the phase transition. 
Thermal expansion : Fig. 340. 


62Z1 


5a 


Dielectric constants: Fig. 341, 342, 343. 
d&Jdp = -5.84 • 10» "KN-im". 




6 


Specific heat: Fig. 344. 
Transition heat (II ->- 1) : Jg^ = 


= 276 cal mol-». 


66S28 


8a 


Elastic compliance: Fig. 345. 
Ultrasound absorption: Fig. 346, 347. 




Nr. lB2-ii Pb(Cdi/ijW 


l/.)03 






la 


Synthesis of Pb(Cdi/2Wi/j)03 was reported by Belyaev et al. in 1963. 


63B3 


b 


phase 


II 


I 






state 


(A) 


P 






crystal system 


monoclinic 








0 


400 °C 


65F4 




a = (4.156 ± 0.002) A, 6 = (4.074 ± 0.002) A, /? = 91° 9' ±5' at RT. 
RoGiNSKAYA and Venevtsev reported that another transition exists at 120 °C, m 
addition to the transition at 400 °C. 


65R4 


3 


Crystal structure: Superstructure lines, indicating ordered location of the octahedral 
voids of the perovskite lattice, were observed. ' 


65F4 




Lattice distortion: Fig. 348, 349. 






Dielectric constant: Fig. 350. 
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II 1 Oxide des Perowskit-Typs 



la I A synthesis of Pb(Mn,/,W,/j)0, • 
phase 
state 



crystal S)rstein 



= 4.063 A, b : 



reported by Venevtsev et al. 



(A), P, 



monoclinic 



P. Pmajn 



Dielectric constant: Fig. 351. 



423 "K 
4.033 A. y? = 90° 12' at RT. 



65R5 



Electrical conductivity: tr = 8 • IQ-s fl-i 



Magnetic susceptibility: see Fig. 351. 
Nr. lB2-iv Pb(Coj/2W,/,)03 



^tiferro- and fen-oelectric properties in Pb(Co.,, W^,)03 were discovered by Fz.zp': 
phase 



state 



crystal system 



Pmagn (weak) 



orthorhombic 



P. Pm»,n 



t = 4.008 A at 298 "K. 



293") 
305 



Crystal growth: Flux method with PbO. 



the three directions. The real elementZ^?atti^fs I r-n^^.w """^ T 
parameter ^ = 2a for phase I and W^hlie nfr=L^* centered one with thi 

and C = 2a sin{^/2) for II wherea fcTnH *^ ^ = 2cos(/3/2), S = 26 
lattice. ^ '^''^'^^ * ^ are the parameters of the perovskite sub^ 



phase 



A = 8.017 A at 298 °K 



lattice parameters 



5.669 A, 5 = 
Lattice distortion: Fig. 352. 



7.956 A, C = 5.689 A at 258 "K 



Dielectric constant: Fig. 353, 354, 355. 
Polarization : Fig. 356. 



I Magnetic susceptibiUty and magnetization: Fig. 357, 353. 
Nf. 1B2.V Pb(Ma^,Re,^,)o, 



63F1 
65B8 



A synthesis of Pb(Mn.;,Re,/,)0, was reported by Venevtsev et al " 



state 



crystal system 



(A). F„a,„ (A). p^^_^ 



monoclinic 



= 4.043A, 6 =4.012A,, 



3 Crystal structure: Ordered perovskite. 



103 393 
= 90° 33' at RT. 
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Figures p. 281 ff. 



Lattice distortion : Fig. 359. 



Electrical conductivity : i 



= 1 • 10-" n-' 



Magnetic susceptibility and magnetic moment : Fig. 360. 

The linear temperature dependence of Xmaga with a positive value of 0p „aen = 85 °K. 
and the appearing of the spontaneous moment at 103 °K, may indicate the presence of 
ferromagnetic properties in this compound, which is in agreement with the positive 
sign of the indirect exchange interaction proposed by Goodenough for Mn'+ and 
Re'+ ions. However, the magnitudes of the calculated theoretical spontaneous 
moments agree with the experimental values only on the assumption of an anti- 
ferromagnetic interaction between ions distributed in an ordered fashion over the 
octahedral vacancies. 



Nr. lB3-i Pb(Sc,/2Nbi/0O, 



Ferroelectricity 



1 Pb(Sci/2Nbi/2)Oj was discovered by Smolenskii et al. in 1959. 



J = (4.074 ± 0.001) A, c = (4.083 ± 0.001) A at RT.») 



5PSP 
59S9 



Crystal structure: In the powder patterns, additional to the principal lines of the 
perovskite structure, superstructural lines were observed indicating a doubling of the 
lattice period. 



Dielectric constant: Fig. 361. 
Spontaneous polarization: P, i 



Nr. lB3-ii Pb(Mni/sNb,/2)03 



.3.6 - 10-»cm-* at 18 °C. 



s reported by Venev- 



Nr. lB3-iii Pb(Fe,/jNbi/j)05 





III 


II 


I 


state 


F, Amagn 


F, Pmaen 


P. Pm«n 


crystal system 


rhombohedral 


rhombohedral 




space group 






Pm3m-0!, 



Ferroelectricity in Pb(Fei/2Nbi/2)03 was discovered by Smolenskii et al. in 1958. 



« = 4.014 A, <x = 89.92° at RT. 



62 B 7 
64S8 



Crystal growth: Flux method with PbO. 



Crjrstal structure: Disordered perovskite; X-ray studies have not shown any ionic 
ordering in the octahedral sites of perovskite structure. The magnetic peak was 
found in the neutron diffraction experiments at 78 °K. The effective magnetic 
moment of the Fe»+ ion was found to be (0.80 ± 0.16) a^b a* 78 °K from the cal- 
culation of the intensity of the (111) reflection, which is about 90% of the magnetic 
moment at 0 "K. Fig. 362. 



Dielectric constant: Fig. 363. 



Optical absorption: Fig. 364. 



Magnetic susceptibiUty: Fig. 365. 
Wf = 5.4 fi^. 



ESR: Fig. 366. . 
Mossbauer effect: Fig. 367, 368. 

The quadruple spUtting AE^y^ = (0.37 ± 0.02) mm sec-', the isomer shift 
3 = (0.52 ± 0.02) mm sec-', corresponding to trivalent iron (at 20 °C). 
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Nr. lB3-iv Pb(Coi/,Nb,/,)03 



rsTT^r °' with perovskite structure was reported by Vkkev- | 

b I Inforn^ations on the dielectric and magnetic properties are available: | Zll 

Nr. 1B3-V Pb(Ni^jNb,/,)03 



I 5 S'^'^aO^' "^'^^ perovskite structure ■ 



3 synthesized by the addition of | 



Nt. lB3-vi Pb(In^,Nb,/,)03 



Dielectnc anomaly in Pb(In./,Nb,/JO, was found by Kupriva^ov and F.sbnko i 
state 



monoclinic 
(possibly) 



a = 4.11 A at RT. 



Dielectric constant: Fig. 369. 
Nr. lB3-vii Pb(Yb,/,Nbiy,)03 



n Pb(Yb,/jNb,/j)0, were reported by Filip'e 



crystal system 



300, 310») "C 
= 4.168 A, 6 = 4.107 A. p = 90° 27' at RT»). 



f^wereVounT-' ^"P^-*™^^*-- corresponding to ordering of Yb3. and Nb^T 

Lattice distortion: Fig. 370. ~ ■ 

Thermal expansion: Fig. 371. 



Dielectric constant: Fig. 372. 



63F1 
65K9 
')64T4 



64T4 



Nr. lB3-viii Pb(Ho,/,Nb^,)0, 



Didectnc anomaly in Pb(Ho,/,Nb,/,)03 -as found by Kuprivanov and Fesenco. 



= 4.160 k.b=^ 4.106 A. j? = 90° 30' at RT. 



Dielectric constant: Fig. 373 
Nr. lB3-ix Pb(Lu,/jNb./,)0, 



s^Sf J mr'^^ Pb(Lu./3Nb,/,)03 ■ 



IS found by Smolenskii and Agranov- 
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lb 


phase 


II 


I 








(A) 


P 






crystal sjrstem 


monoclinic 








e 


270 "C 


6SK9 




a = 4.152 A. 6 


= 4.093 k, p = 90° 30' at RT. 




4 


Thermal expansion: Fig. 374. 




5a 


Dielectric constant: Fig. 375. 





Nr. 1B3-X Pb(Sc^jTai/i,)03 



la 


Ferroelectricity 


m Pb(Scj/2Tai/j,)05 was discussed by Smolenskii et al. in 1959. 


S9S9 


b 


phase 


II 


I 






state 


F 


P 


59S9 




crystal sjratem 


tetragonal") 
(possibly) 




')59I} 




0 


26 "C 






a = (4.072 + 0.001) A, c = (4.072 ± 0.001) A at RT»). 




3 


Crystal structure: The large number of superstructure lines and their great intensity 
in Pb(Sc,/jTaiyj)03 indicates that the degree of ordering of Sc»+ and Ta5+ ions is 
greater than in Pb(Sci/2Nbi/2)Oj. 
See lB3-i-3. 


5913 


5a 


Dielectric constant: Fig. 376. 





Nr. lB3-xi PbCMni/jTai/j)©, 



la I Pb(Mni/jTai/2)03 with perovskite structure was synthesized by the addition of 
I 5 mol% SrO. 



Nr. lB3-xii PbCFei/jTai/a)©^ 



la 


Ferroelectricity 


m Pb(Fei/2Tai/2)Oj was discovered by Smolenskii et al. in 1959. 


59S7 


b 


phase 




Ill 


II 


I 






state 






P. Pmarn 






crystal system 


rhombohedral 


rhombohedral") 




68N1 
»)65S17 




space group 






Pm3m-Oi 




0 




143, 133") 243, 233») "K 






P. II [111] (probably) 

a = (4.007 ± 0.001) A at RT. 

black (dark orange for thin samj 


Dies). 






2a 


Crystal growth: Flux method with PbO. When the soak temperature is higher than 
1200 °C, crystals are obtained having both pyrochloride and perovskite structure. 


68N1 


3 


Crystal structure : Disordered perovskite. 


65S17 


4 


phase 




lattice constants 








I 




(4.007 ± 0.001) A at RT. 








II 




(4.006 ± 0.001) A at 90 "K 
89.89° ± 0.02° 




68N1 


5a 


Dielectric constant: Fig. 377. 378. 








Spontaneous polarization: Fig. 379. 






11 


Magnetic susceptibihty: Fig. 380. 
fi^tt = 5.92 /^b: 0pn.a,n = "370 "K. 


68N1 



69 



Figuren S. 285 



II 1 Oxide des Perowskit-Typs 



Nt. lB3-xiii Pb(Coi/,Ta^^O, 



Nr. lB3-xiv Pb(Yb^jTa^,)0, 



Dielectric anomaly in Pb(Yb,/,Tai/,)0, ^ 
phase 



state 



crystal sj^tem 



monoclinic 



is reported by Isupov and Kranik in 1964. 



» = 4.154 A, b = 4.108 A. e = 90° 



Theimal expansion: Fig. 381. 



Dielectric constant: Fig. 382. 
Nr. 1B3-XV Pb(Lui/2Taj/j)0, 



Dielectric anomaly in Pb(Luw,Taw,)0, 
SKAYA in 1958. ' 
phase I II 



s found by Smolenskii and Agranov 



state 



(A) 



crystal system monoclinic 



» = 4.153 k,b = 4.107 A, P = 90° 30' at RT. 



Lattice distortion: Fig. 383. 
Thermal expansion: Fig. 384. 



Dielectric constant: Fig. 385. 
Nr. lB3-xvi Pb(Fe^3W^^03 



iT^T °' with perovskite structure was reported by Vekbv- 

S^thSTmSsS."""''^*^ °f ^P-el phase in a sample 



Nr. lB3-xvii Pb(Li^,Nb^,W^,)0. and sister crystals 



Xu A Tt ^^Sl' <=ompounds containing Pb were synthesized: 
PhMi^'^'^^M'^''^'^ Pl'(Z'»i/4Mn,/,Nb,/,)0, Pb{Co,/,MnJw,/JO, 
P''(^'/'M'»>ANbx/»)03 Pbpji^Mn^^W^o: 
Pb(Co,/,Mn,/,Nb^, O, Pb(Mgw,Mnw,Ta,/,)0 Pb Crf w 

pb(Ni,,Mn,.Nb,,03 Pb!Mf;:Mn:Mo; Pb!g::^:rSo: 

Nr^4-i Pb(Mg^,Nb^,)03 




64VJ 
65V3 



^^T2t^^t " ^^(^S'/'NbWO, was discovered by SMo™ri and Agranov- 



phase 


II 


I 


state 


F 


P 


crystal system 




cubic 


space group 




Pm3m-OJ 



265») »K 

TrT^L^^ ■ 1°' " = A at RT. 

iransparent, pale yellow. 



60S7 
'■)67B9 



II 1 Perovskite-type oxides 



Figures p. 285 flf. 



Crystal structure: Disordered perovskite. 



Thermal expansion: Fig. : 



Dielectric constant: Fig. 387, 388, 389. 

Nonlinear dielectric properties: £ = [(T — 0p) (eoC)->] P + f + f ps + • 
where ©p = 265 "K, C = (3.7 ± 1.0) • 10' "K, and f ^ 5.6 • 10» V m' C-». 

Spontaneous polarization £ind 



Piezoelectricity: Fig. 391. 



Refractive index: » = 2.56 for 6328 A at 299 °K. 

Birefringence: It was found that the crystals Pb(Mgi/,Nb2/,)0, behave like optically 
isotropic crystals. An applied electric field causes double refraction. Fig. 392. 

jj = +0.015 m« C-», Mi, = +0.008 m* C-» 



I very thin wafers (e. g.. 



Nr. lB4-ii Pb(Zn,/,Nbjs/,)0, 



s synthesized by Bokov and Myl' 



a = 4.04 A at RT. 
light yellow. 



Crystal growth : Flux method with PbO. The crystals were separated from the matrix 
solution by washing in acetic acid at RT for a long time. 



Dielectric constant: Fig. 393. 



Nr. lB4-iii Pb(Cdi/3Nbj/,)Og 



lb I Dielectric anomaly in Pb(Cdi/jNbj/3)03 was reported by Venevtsev et al. in 1966. | 65TS, 66V5 
Nr. lB4-iy Pb(Co^3Nb,/,)0, 





II 


I 


state 


F 


P 


crystal system 




cubic 


space group 




Pm3m-0i 


0 




?8 °C 


a = 4.04 A at RT. 
brown. 




Crystal growth: Flux method with PbO. 



Dielectric constant: Fig. 394. 



Nomura 
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Figuren S. 287 



II 1 Oxide des Perowskit-Typs 



Nr. 1B4-V Pb(Ni,/3Nb,/,)0, 



Ferroelectricity ii 
SKAYA in 1958. 



j/,)03 was discovered by Smolenskii and Agranov- 



phase 


II 


I 


state 


F 


P 


cry^al system 






space group 




Pm3m-0J 



a = 4.03 A at RT. 
yellowish green. 



Q = 8.55 • 10' kg ir 



Crystal growth: Flux method with PbO. 



Crystal structure: Disordered perovskite. 



Thermal expansion: Fig. 395. 



Dielectric constant: Fig. 396, 397, 398. 
Birefringence: Fig. 399. 



SSSS. 59S6 



61 B5. 60S7 



59M5 



Nf. lB4-vi P b(Mg^;3Ta,/.)03 

^--°-l«=«city in Pb(Mg,/,Ta3/,)03 was found by Bokov and Mvi.Vikova in 196r 
phase TT T 




Dielectric constant: Fig. 400. 
Nr. lB4-vii Pb(Co^3Ta,/3)0, 



Ferroelectricity in Pb(Co,;3TaW03 was fou nd by Bokov and Mvx.-..kova in 1960. 



crystal system 



Pm3m-Oi 



Crystal growth: Flux method with PbO. 



Crystal structure: Disordered perovskite. 



5a I Dielectric constant: Fig. 401. 



Nomura 



II 1 Perovskite-t)T)e oxides 



Figures p. 287 ff. 



Nr. lB4-viii Pb(Ni,/3Taj/j,)0, 


la 


Ferroelectricity 


in Pb(Nii/3Taii/3)03 was found by Bokov and Myl'nikova in 1960. 


60B7 


b 


phase 


II 




I 










state 


F 




P 










crystal system 












60B7 




space group 




Pm3m-Oi 










0 


-1 


80 


°C 










a = 4.01 A at RT. 














green. 














2a 


Crysted growth : 


Flux method. 










3 


Crystal structure: Disordered perovskite. 


60B7 


5a 


Dielectric constant: Fig. 402. 












Nr. lB5-i Pb(Mn2/3W 


1/3)0, 












la 


Dielectric and m 
at al. in 1965. 


agnetic anomalies in Pb(Mn2/3W, 


j)03 were reported by Roginskaya 


65R5 


b 


phase 


III 




II 




I 






state 


(A), (Amajn) 


(A.). P„«.rn 


P. Pmajn 






crystal system 




monoclinic 




65R5 




0 




203 


473 °K 






a = c = 4.098 A, 6 = 4.014 A. ^ 


= 90° 23 


at RT. 




5a 


Dielectric constant: Fig. 403. 




10 


a = 2 • 10" £1-1 m->. 


65R5 


11 


Magnetic susceptibility: see Fig. 403. 
©pmajn = -75 °K. 








Nr. 1B5-U Pb(Fe3/,W 


/3)0, 












la 


Ferroelectricity in Pb(Fej/3'Wi/3)0, was discovered by Smolenskii et al. in 1959. 


59S7 


b 




III 




II 




I 








F, A„a,n 










crystal system 








62B7 




e 


178 


363 


°K 






a = 4.02 A at RT. 












2a 


Flux method (PbO). 


62B7 


5a 


Dielectric constant : Fig. 404. 




11 


Magnetic susceptibility: see Fig. 404. 

Magnetization is a linear function of the magnetic field intensity up to 8000 Oe. 
Effective magnetic moment: 4.2 ng- 


62B7 


12b 


ESR: Fig. 405. 














IC Solid solutions with perovskit 


;-type oxides as end members 




Nr. IC-al NaNbOs-KNbO, 












lb 


Phase diagram: Fig. 406, 407, 408. 
Lattice parameters : Fig. 409. 




5a 


Dielectric constant: Fig. 410; se 
iPolaiization and coercive field : 


t Tab. 60. 
Fig. 411. 








^ 6a 


Transition energy: Tab. 59. 




1 


Electromechanical properties: Fig. 412 ••• 


417; Tab. 60. 





Nomuta/Ikeda 



Figuren S. 287 ff. 



II 1 Oxide des Perowskit-Typs 



Tab. 59. (Na,.,KJNbO,. Transition energy M 





Lower phase 
change 


Upper phase 


1.00 (KNbO.) 
0.10 ' 
0 (NaNbOj) 


85 cal/mole 
20 cal/mole 


190 cal/mole 
60 cal/mole 
50 cal/mole 



Nr. lC-a2 NaNbOs-NaTaOj 



Nr. lC-a3 NaNbOj-NaSbO, 
Nr. lC.a4 KNbOj-KTaOj 



Tab. 60 (Na..,K. )Nb03 (ceramics). Electric and 
electrom echanical constants. [SPEl] 

Dielectric constant (100 kHz) 
Dissipation factor (100 kHz) 
Specific resistivity o 
Density q 

Poisson's ratio (assumed) 
Coupling factor ft 
Frequency constant 
Mechanical (radial) 
Young's modulus E 
Piezoelectric constant —d„ 
Piezoelectric constant —g 
Piezoelectric constant rf* 
Piezoelectric constant g* 
Coupling factor ft* " 



290 

10">nm 

4.25 • 10» kg m-» 
0.27 ^ 
0.34 •■ • 0.39 
1.67 kHz m 
130 

1.04- 10"Nm-s 
32 - 10-"CN-i 
12.6 • 10-» m« C-> 
80-10-'2CN-i 
31.5 • 10-» m«C-i 
0.51 




Birefringence : Fig. 422, 
1 I Curie temperature: Fig. 423. 
Phase diagram: Fig. 424. 425. 



Dielectric properties: Fig. 426 427 
see Tab. 61. • • 



Thermal properties: Fig. 428; Tab. 61 



See lC-a5 for optical properties of K(Tao.„Nb..„)0, (KTN). 



i K(Nb. Ta,)03. L: latent heat. 0,: Curie 
a t ' « ?p'*r' ""n*^^ fo'- energy " 

A(T- 0p)i'» + p^„: calculated for T = ©, 





L 

cal mol-i 


Of 

°K 


A 

105 °K-i 


•Pale 
10-« C m-* 


0 

0.06 
0.12 
0.18 


110 ± 10 
46 ± 4 
10 ± 2 
4.0 ± 2 


679 
656 
623 
591 


2.6 
2.7 
2.85 
3.05 


27 

17.7 
7.9 
5.1 



Nr. IC-aS K(Ta..3,Nb,..,)0, (KTN) 

For general properties of KNbOj-KTaO, see lC-a4. 

9b j Electroreflectance; Fig. 429. 
d I Faraday rotation: Fig. 430. See also Tab. 44. 



Nr. lC-a6 CaTiOj-SrTiOa 



Nt. lC-a7 CaTiOj-BaTiO, 



I Pha^e diagram: Fig. 431, 432, 433. 
lattice parameters: Fig. 434. 



Dielectric constant: Fig. 435, 436. 
I Spontaneous polarization : Fig. 437. 

Phase diagram: Fig. 438, 439, 440. 
lattice parameters : Fig. 441. 



Dielectric constant: Fig. 442, 443. 



Estimated values. 



Thermal conductivity: F ig. 444. 
ETectromechanical property: Tab. 62. See Fig. 183 and Tab. 40. 



II 1 Perovskite-type oxides 



Figures p. 295 ff. 



Tab. 62. (Ba,_;.Ca,)TiOj (c 



pure BaTiOj base). i,i and d„ at RT. 



X 


Q 

lO'kgm-' 


ex 

10»kgm-> 


10-"CN-i 


10-"CN-» 




Porosity 

(1 - (e/ex)) 


0 


5.85 


6.017 


-97.5 


229 


2.35 


0.028 


0.05 


5.70 


5.85 


-66.6 


167 


2.51 


0.026 


0.07 


5.68 


5.80 


-58.0 


150 


2.58 


0.021 


0.09 


5.65 


5.74 


-52.1 


139 


2.67 


0.016 


0.12 


5.55 


5.66 


-43.4 


124.5 


2.88 


0.019 



Nr. IC-aS CaTiOj-PbTiOs 



Nr. lC-a9 SrTiO,-BaTiO, 



I Curie temperature: Fig. 445. 
I Lattice parameter; Fig. 446. 

Phase diagram: Fig. 447 ••• 450. 

Lattice parameter: Fig. 451; see Fig. 448. 



Specific heat: Fig. 453. 



Conductivity associated with doping: Fig. 454, 455, 456. 
Tab. 63. (Bai_^Sr,)TiO,. Dielectric loss : a, /S. y at 20 GHz. [62 R4]. (r - 0p) tan d = a + /? r 4-y r». 



Heat treatment 



Polycristalline SrTiO, 



Ba,.jSrj.8TiOj 
Ba,.5Sr,.5Ti03 
Ba,.,Sr„.8TiOj 
Ba«.8Sr,.2TiO, 
SrTiOj 

SrTiO3+0.1% Gd»+ 
SrTiO3+0.03% Fe'+ 



Hot pressed and fired in 

air at 900 °C for 10 h 
Retired at 1200 "C in aii 

for 10 h 
Retired at 1400 "C in aii 

for 10 h 
Retired at 1500 "C in O; 

for6h 
Hot pressed and tired in 

Oj at 1500 "C for 10 h 
Hot pressed and fired 

Oj at 1500 °C tor 10 h 
Ceramic fu-ed to 1375 °C 

in air tor 1 h 
Ceramic tired to 1300 °C 

in air for 1 h 
None 
None 
None 



0.33 
0.26 
0.17 



{9)") 

(9) 

(9) 

6.53 
(6.53) 
(6.53) 



(2.5) 
(2.5) 
(2.5) 

2.54 
(2.54) 
(2.54) 



Nr. IC-alO SrTiO.-PbTiO, 



Nr. IC-all BaTiOs-PbTiO, 



Dielectric constant: Fig. 459. 
Curie constant: Fig. 460. 



Transition heat: Fig. 461. 



Phase diagram : Fig. 462. 
Lattice parameter: Fig. 463. 



Dielectric constant: Fig. 464. 



Electromechanical properties: see lA-8 
Radiation damage : Fig. 467. 
a parentheses indicate that these values were assumed in order to determine a. 



Dceda 
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FigurenS. 299 ff. 



II 1 Oxide des Perowskit-Typs 



Nr. lC-al2 Ca2rO,-Ba2rO, 
Nt. lC-al3 CaZfOj-PbZrO, 

Nr. lC-al4 SrZrOa-PbZrOj 



I Lattice parameter : Fig. 468. 

1 Phase diagram: Fig. 469. 
Thermal expansion: Fig. 470. 
Dielectric constant: Fig. 471. 



lb 


Phase diagram : Fig. 472, 473. 
Lattice parameter: Fig. 474 


4 


Thermal expansion: Fig, 475, 476. 477- Tah 




5a 


Dielectric constant: Fig. 478, 479. 
Polarization : Fig. 480. 


6a 


Specific heat: Fig. 481. 
Transition heat: Tab. 65. 





Tab. 64. PbZr03. (Pbc^Sr^.^ZrO,, and (Pb.. Ba„.„„)Zr03. AK/K. A .: anomalous volume change at 
the transition point. [S4S2'] >-"<iugc at 



Composition 


AV/V 
Lowest phase 


[10-^] 

Intermediate phase 


PbZrO, 

(Pbo.925Ba,.„,5)Zr03 
(Pbo..5Sr„.<,5)Zr03 


-41 at 230 °C 
-43 at 150 "C 
-30 at 210 °C 


+24 at 190 -C 
-20 at 230 "C 



Composition 


AQ^ [cal mol-'] 




Lower transition | Upper transition 



(Pb„.825Ba,.„„)ZrOj 
(Pbo.95Sr„.„5)Zr03 



Nr. lC-al5 BaZrOj-PbZrOj 

Nr. lC-al6 CaHf03-PbHf03 

Nr. lC-al7 SrHf03-PbHf03 

Nr. lC-al8 BaHf03-PbHf03 
Nr. lC-al9 CaSn03-SrSn03 
Nr. lC-a20 BaSn03-SrSn03 
Nr.lC-a21 BaSnOj-PbOiSnOj 

Nr. lC-a22 CaTiOj-CaZrO, 



Phase diagram: Fig. 482. 
Lattice parameter: Fig. 483. 



Thermal expansion : Fig. 484. 



Dielectric constant: Fig. 485 • 
Coercive field : Fig. 489. 



Elastic properties : Fig. 490. 

^b j Phase diagram: Fig. 491. 
5a I Dielectric constant: Fig. 492. 

^b I Phase diagram: Fig. 493. 



I Dielectric constant: Fig. 494. 

lb I Phase diagram: Fig. 495. 

lb I Lattice parameter: Fig. 496. 

lb I Lattice parameter: see Fig. 496. 

lb j Phase diagram: Fig. 497. 
5a I Dielectric constant: Fig. 498. 

lb I Lattice parameter: Fig. 499. 



II 1 Perovskite-type oxides 



Figures p. 306 ff. 



Nr. lC-a23 BaTiOj-BaZrOj 



Nr. lC-a24 BaTiOj-BaHfO, 



Nr. lC-a25 BaTiOj-BaSnOs 



Nr. lC-a26 BaTiOj-BaUOj 



lb 


Phase diagram : Fig. 500. 
Lattice parameter: Fig. 501. 




2a 


Phase diagram : Fig. 502. 




5a 


Dielectric constant: Fig. 503. 




8a 


Elastic property : Fig. 504 




lb 


Phase diagram : Fig. 505. 1 
Lattice parameter: Fig. 506. 


5a 


Dielectric constant: Fig. 507. 1 


lb 


Phase diagram: Fig. 508. See also 


5912 


2a 


Phase diagram: Fig. 509. 




4 


Thermal expansion: Fig. 510. 




5a 


Dielectric constant: Fig. 511. 




lb 1 Lattice parameter: Fig. 512. | 



Nr. lC-a27 FbTiOj-PbZrO, 

Pb(Zr,Tii_i)05 with ;r = 0.5 ••• 0.6; for electromechanical properties of these very important piezo- 
electric materials, £ 



la 


Ferro- and antiferroelectric phase transitions in the PbTiOj-PbZrO, system were 
revealed in 1952 by Shirane, Suzuki and Takeda. 


52S6. 52S4. 
52S3 


b 


Phase diagram at high temperature: Fig. 513. 
Phase diagram: Fig. 514, 515. 
Lattice parameter: Fig. 516, 517. 




2 


Flux method : 


6211, 64F6, 
67F7 


4 


Lattice distortion: Fig. 518a, b, 519. 
Thermal expansion: Fig. 520, 521, 522. 




5a 


Dielectric constant: Fig. 523 ••• 526. 






Spontaneous polarization: Fig. 527. 
Critical field: Fig. 528. 




6 


Specific heat: Fig. 529, 530. 

Transition energ>' : Tab. 66. 




l\ 


Electromechanical properties: see lC-a28. 




9 


Birefringence: Fig. 531a, b, c. 




16 


Radiation damage: Fig. 532. 





Tab. 66. Pb(Zr-Ti)0,. Transition energy and entropy. [5351]. x: atomic per- 
cent of PbTiO,; d0/d;«:: shift of the transition temperature -with x; dS(d ©/d^): 
it may be assumed that the free energy should decrease with the rate of d5(d»/da:) 
with increasing x. 



Kind of the 
phase change 


0 

"C 


cal mol~* 


cal mol~^ °K~' 


d0/d;r 


dS(d0/d;r) 


Aa ->Pa 


230 >r>225 


400 


0.8 




(-5.8) 




i 225 


110 


0.22 


-16 


-3.5 


a;-p: 


230 


290 


0.58 


- 4 


-2.3 


A« -F,, 


240 






-19 






217 


250 


0.51 


-1- 1.0 


+0.5 


A^-F, 


- 


40 


0.08 







Iked£ 
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Figuren S. 312ff. 



II 1 Oxide des Perowskit-Typs 



N, lC-a28 Pb(Zr,Ti,. JO, = 0.5 •.- 0.6, lead zirconate-titanate) 

For general properties of PbTiO,-PbZrO, see 1 C-a27. 



l^Zr:TfoTc^:L'^rrm4 ^'^Zr^tf^^r'^'^t P^-'-tric perfonr^ances of 
by Clevi4 ^orporafa^arCleveiand oSo. uIa "^''^ °' ^""^^^^^^^ ^'^^'''P^ 



Dielectric cons tants: Fig. 533 and Fig. 539. 540, 541, 543. 5447" 



_ ° '6- ->->-', Jt». JHI, O'f.). 5 44. 

fi:l!r^iS^^r-^,'^l^'S^_ Tab. 67: Fig.537:rii^-^is:^rr^ 



Electrical conductivity: 
For breakdown, — 




Tab. 67. Pb(Ti._,2r JO. ^ 0.48-0.60] (ceramics). Electrome chanical constants at RT. [60BS^ 



Zr/T; 
atom 
ratio 



48/52 
50/50 
52/48 
54/46 
56/44 
58/42 
60/40 



0.170 
0.230 
0.313 
0.280 
0.267 
0.254 
".238 



0.289 
0.397 
0.529 
0.470 
0.450 
0.428 
0.400 



0.504 
0.694 
0.701 
0.657 
0.646 
0.625 



0.435 
0.546 
0.670 
0.626 
0.619 
0.607 
0.585 















5D 












Den- 
sity 
Q 








10-" m» N-» 






10» 

kgm-» 


48/52 
50/50 
52/48 
54/46 
56/44 
58/42 
60/40 


10.8 
12.4 
13.8 
11.6 
11.0 
10.5 
10.4 


10.5 
11.7 
12.4 
10.7 
10.2 
9.85 
9.75 


10.9 
13.3 
17.1 
14.8 
14.0 
12.8 
12.05 


8.83 
9.35 
9.35 
9.0 
8.65 
8.10 
7.92 


28.3 
32.8 
48.2 
45.0 
39.8 
37.7 
36.9 


23.6 
24.5 
25.0 
22.9 
22.6 
21.9 
22.5 


28.3 
32.9 
38.4 
29.9 
28.4 
27.1 
26.7 


-3.35 
-4.06 
-4.07 
-3.33 
-3.22 
-3.07 
-2.96 


-3.66 
-4.72 
-5.38 
-4.24 
-4.01 
-3.75 
-3.55 


-3.21 
-4.22 
-5.80 
-4.97 
-4.63 
-4.12 
-3.72 


-2.40 
-2.60 
-2.56 
-2.68 
-2.57 
-2.33 
-2.17 


7.59 
7.55 
7.55 
7.62 
7.59 
7.64 
7.60 



26.0 
32.4 
49.0 
53.2 
52.3 
50.6 
48.5 



24.0 
22.6 
22.0 



48/52 


1170 


50/50 


950 


52/48 


860 


54/46 


680 


56/44 


490 


58/42 


500 


60/40 


600 



0.310 
0.328 
0.295 
0.288 
0.293 
0.292 
0.285 



0.349 
0.404 
0.434 
0.396 
0.394 
0.381 
0.365 



, 0.296 
0.329 
0.376 
0.380 
0.373 
0.355 
0.332 



0.250 
0.249 
0.238 
0.273 
0.274 
0.261 
0.247 
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Tab. 68. (Pb,_,Srr) (Zri-^Ti,)©, and (Pb,_;tCa,) {Zri_,Tij)Oj, (modified ceramics). Effects of Ca and 
Sr on electromechanical properties. [59K4'\ 



Intended composition 


Pa 
10' 
kgm ' 


1 kH 


24 hours after poling 


0f 

"C 


at 
1 kHz 


tan d 
% at 
IkHz 
- 




lO-i" 


gai 

io-» 

m»C-i 


(sf,)-i 
10" 


Pb(Zro^Ti<,.„)0, 


7.40 


736 










ill 


7.67 


385 


Pb(Zro^Tio 47)0, 


7.39 


707 




n 4 
r!^ 


ft 47 

ft 


69 




7.76 




Pbo.»Cao.o.(Zro.„Ti<,.4,)0, 


7.42 


729 






n 




ISO 

13.9 


7.89 




Pb„.85Sr„.o,(Zro „Tio.4,)Oj 


7.42 


755 


a^t 


n/i 
nt 


0.49 






7.68 




Pb„.ssCa,.o5(Zr„^Tio..,)0, 


7.26 


832 






0.44 


00 


10.2 


7.62 




Pb„.85Sr„.os(Zro.„Tij.„)0, 


7.47 


920 




A 

n 1 


ft ^9 






7 


360 


Pb„.„ Ca«.„s(Zr..„Tio.4,)0, 


6.86 


794 




ft ^ 






1ft ^ 






Pbo.»25Sro.o76(Zr„jaTio.„)Os 


7.29 


942 




ft ^ 


ft ^ft 


in^ 




70 
icit 




Pb„.s„Sro.i„(Zr,.53Tio.47)Os 


7.22 


997 


1190 


■ 


0 49 




1ft 3 

■ 




290 


Pb„ 876Sro.iia(Zr„.4,Tio.53)05 


7.09 


609 












Q 01 




Pbo.8„Sro.i25(Zro^Ti,.„)0, 


7.11 


813 


880 


0 3 


0 33 


57 


7 3 


9 05 




Pbo.875Sr„.,j5(Zro.sjTi«.48)03 


7.10 


973 


1149 


0.3 


0.44 


91 


9.0 


8.32 




Pbo.875Sro.ja(Zro.„Ti<,.4,)0, 


7.14 


1076 


1237 


0.4 


0.47 


100 


9.1 


8.06 


265 


Pb„.875Sro.m(Zr..„Ti„.„)03 


7.16 


1095 


1325 


0.6 


0.51 


119 


10.1 


7.51 




Pbo.8,6Sro.ia(Zr„.„Ti,.«)0, 


7.14 


1105 


1210 


0.4 


0.51 


116 


10.8 


7.31 




Pbo876Sr„,a(Zro.6,Ti,.4i)0, 


7.17 


919 


585 


0.4 


0.45 


66 


12.7 


8.39 




Pbo85Sro„(Zro„Ti,.4,)03 


6.90 


1106 


1260 


0.5 


0.43 


97 


8.7 


7.68 


242 


Pb„.8oSro.2„(Zr..„Ti<,.„)0, 


6.56 


941 


970 


0.6 


0.29 


56 


6.5 


8.11 




Pbo.8oSr„.2o(Zro.5,Tio.4,)0, 


6.48 


1212 


1257 


0.5 


0.34 


86 


7.8 


7.05 




Pbo8oSroi!„(Zro54Tio4,)0, 


6.36 


1182 


1341 


0.8 


0.35 


91 


7.7 


6.18 




Pb„.8oSr..a,(Zr„.„Ti«.45)0, 


6.36 


1200 


1337 


0.8 


0.34 


86 


7.3 


6.42 




Pbo8oSro.2„(Zr„.5,Ti, 44)03 


6.35 


1107 


1113 


0.7 


0.35 


81 


8.2 


6.50 





Tab. 69. Pb(Zr-Ti)03 (ceramics, modified). Electromechanical properties of Pb(Zro^Tio 45)03 with 
five-valent additives. [iPKf]. • r: radial frequency constant 







Before poling 


24 hours after poling 




Addition 
wt. % 


ea 

10' 


at 


%°at 


at 


tan d 
%at 


Ap 


Hzm 


10-" 


Qmeoh 




kgm-' 


1 kHz 


IkHz 


1 kHz 


IkHz 




CN-i 




"C 




7.41 


707 


0.3 


537 


0.4 


0.49 


1641 


71 




390 




7.29 


706 


0.4 


513 


0.5 


0.50 


1687 


69 




387 


ai NbjOj 


7.26 


598 


0.3 


508 


0.4 


0.38 


1643 


54 






0.5 Nb.Os 


6.96 


732 


2.1 


790 


2.0 


0.46 


1443 


94 






0.8 Nb.Os 


7.36 


965 


1.6 


1166 


1.5 


0.48 


1606 


105 






l.O NbA 
1.0 NbA 


7.36 


1064 


1.8 


1308 


1.6 


0.53 


1563 


126 


61 




7.60 


1055 


2.2 


1242 


2.2 


0.54 


1538 


125 




361 


1.2 NbjO. 


7.34 


1011 


2.0 


1167 


1.7 


0.48 


1614 


104 


70 




1.4 NbA 


7.37 


1057 


2.2 


1218 


1.9 


0.50 


1584 


113 


69 




1.7 NbA 


7.39 


1058 


2.0 


1218 


1.8 


0.47 


1594 


105 






2.0 NbA 
0.5 NboOs ) 
0.5 LaA I 


7.37 


1074 


2.1 


1202 


2.0 


0.50 


1550 


115 




344 


7.39 


1169 


2.1 


1377 


2.0 


0.57 


1491 


146 


48 


369 


1.0 Ta,0. 


7.31 


989 


1.5 


1187 


1.5 


0.49 


1563 


111 


61 




1.0 TaA 
2.0 TajO' 


7.22 


918 


2.0 


1121 


2.1 


0.50 


1525 


114 




368 


7.49 


1062 


2.2 


1230 


2.1 


0.50 


1547 


115 






2.0 Ta,0. 


7.40 


1077 


1.8 


1275 


1.8 


0.48 


1581 


111 




364 


2.5 Ta^o; 
5.0 Ta^Oj 


7.23 


959 


2.7 


1112 


2.4 


0.36 


1518 


82 


28 




6.75 


995 


2.5 


1052 


2.6 


0.33 


1508 


76 
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Tab. 70. Pb(Zr-Ti)0, (ceramics, modified). Electromechanical properties of Pb(Zr„„Ti„ 
three-valent additives. [.^PAT^]. /r • r: radial frequency constant 


O, with 


Addition 
wt. % 


Pa 

10' 
kgm- 


Before poling 


24 hours after poUng 




at 
1 kHz 


tan d 
%at 
1 kHz 


at 
1 kHz 


tan 6 
%at 
1 kHz 


ftp 


/n-r 
Hzm 


10-" 
CN-i 


0f 

"C 


None 

1.0 YjO, 
l.OLajO, 
l.OLajO, 
l.ONdjO, 
1.0 NdjO, 
1.0 didymia 
2.0 Lap, 
1.0 LajO, 
1.0 NdjO, 
0.1 Lap, 
0.2 Lap, 
0.4 Lap, 
0.8 Lap, 
1.0 LajO, 

Tab. 71. Electromechanical pr 


7.41 
7.29 
7.26 
7.46 
7.47 
7.43 
7.37 
7.41 
7.49 
7.20 
7.35 
6.75 
6.45 
6.44 
7.19 
7.50 

operties 


707 
706 
796 
1187 
1139 

nil 

1101 
1122 
1296 
1375 
1362 
790 
686 
942 
1288 
1255 

of Pb(Zi 


0.3 
0.4 
0.9 
1.9 
2.2 
1.6 
1.9 
2.2 
2.6 
2.1 
2.2 
0.4 
0.7 
1.4 
1.8 
2.4 

i_,Tij)0 
radial fr 


537 
513 
841 
1483 
1387 
1395 
1354 
1341 
1545 
1792 
1776 
870 
735 
1100 
1682 
1532 

, (ceram 
equency 


0.4 
0.5 
1.0 
2.0 
2.1 
1.8 
1.8 
2.2 
2.3 
1.7 

0^6 
0.9 
1.5 
1.8 
2.4 

cs), mo< 
constan 


0.49 
0.50 
0.34 
0.53 
0.52 
0.49 
0.48 
0.50 
0.51 
0.51 

0^42 
0.37 
0.42 
0.49 
0.50 

ified wit 


1641 
1687 
1547 
1510 
1522 
1512 
1511 
1499 
1545 
1528 

1505 
1419 
1407 
1516 
1550 

h additi^ 


71 
69 
66 
138 
130 
123 
119 
125 
132 
147 

88 
78 
109 
139 
128 

res of 1 w 


390 
387 
374 

339 

348 

t%Nb. 


Base composition 


Qa. 
10' 
kgm-' 


Before poling 


24 hours after jwling 


at 
1 kHz 


tan 3 
%at 
1 kHz 


at 
IkHz 


tan <5 
%at 
1 kHz 


ftp 


/R-r 
Hzm 


10-12 
CN-i 


Smech 


Pb(Zr„.«,Ti,.„)0, 
Pb(Zr..„Ti,.,,)0, 
Pb{Zr„.,,Ti,.«)0, 
Pb(Zr„.„Tio4,)0, 
Pb{Zr„.5,Ti..„)0, 
Pb(Zr„.„Ti,.„)0, 

Pb(Zr„„Ti,„)0, 
Pb(Zr„ ,jTi„.„)0, 

Tab. 72. Electromechanical p 


7.38 
7.31 
7.39 
7.43 
7.44 
7.40 
7.38 
7.41 
7.41 

operties 
[59KS]. 


879 

975 

985 
1092 
1051 

955 

818 

750 

713 

of (Pbo 
/r • r 


1.5 
1.6 
1.5 
1.8 
1.8 
2.4 
2.8 
3.0 
3.0 

.5Sr„.o5) 
adial fre 


1041 
1188 
1200 
1371 
1296 

973 

745 

684 

630 

(Zr„.54Ti, 
quency c 


1.2 
1.3 
1.4 
1.4 
1.7 
2.0 
2.5 
2.5 
2.8 

.«)0, {c 
onstant 


0.42 
0.45 
0.45 
0.53 
0.54 
0.56 
0.53 
0.50 
0.49 

eramics) 


1696 
1642 
1640 
1547 
1549 
1524 
1601 
1636 
1676 

with N 


82 
97 
97 

130 

128 

117 
93 
82 
75 

bPj or 


81 

73 
76 
61 
62 
55 
56 
60 
62 

rap,. 


Addition 
wt. % 


ea - 


Before poling 


24 hours after poling 


°C 


10' 

kgm-» : 


at 
1 kHz 


tan d 
IkHz 


at 
1 kHz 


tan <5 
%at 
1 kHz 


ftp 


Hz-m 


dai 
10-" 
CN-' 


l.ONbPs 
2.0 NbPs 
3.0 Nbp. 
2.0 Tap, 


7.34 
7.22 
6.63 
7.33 


1291 
1380 
1125 
1343 


2.0 
2.4 
2.1 
2.3 


1609 
1662 
1301 
1695 


2.0 
2.1 
2.1 
2.0 


0.56 
0.47 
0.36 
0.54 


1512 
1562 
1550 
1517 


153 
127 
91 
151 


306 
296 



ires p. 315 ff. 
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S2SSS52S 



i I M 



11 



mm m 
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Figuren S. 316 flf. 



Nr. lC-a29 PbTiOj-PbHfOa 
Nr. lC-a30 PbTiOj-PbOiSnO, 

Nr. lC.a31 PbZiOj-PbHfOj 
Nr. lC-a32PbZrO,-PbO:SnOj 

Nr. lC-a33 LaFeOa-BiFeO, 

Nr. IC-bl NaNbOj-KTaOs 

Nr. lC-b2 NaNbOj-KSbO, 
Nr. lC-b3 BaTiOa-PbZrOj 

Nr. lC-b4 BaTiOs-PbO: SnOj 

Nr. lC-b5 PbTiOj-CaZrOj 

Nr. lC-b6 PbTiOj-CaSnO, 

Nr. lC-b7 PbTiOj-SrZrO, 

Nr. lC-b8 PbTiOj-SrSnOj 

Nr. lC-b9 PbTiOj-BaZrO, 



II 1 Oxide des Perowskit-Typs 
lb I Phase diagram: Fig. 555, 556 
_lb j Phase diagram: Fig. 557. 



5a I Dielectric constant: Fig. 558. 

lb I Phase diagram; Fig. 559. 

lb Phase diagram: Fig. 560. 
Lattice parameter: Fig. 561. 



_4 Thermal expansion: Fig. 5 62. 563. 
5a Dielectric constant: Fig. 564a. b. 



Phase diagram: Fig. 565. 
Lattice parameter: Fig. 566a. b. 



Dielectric constant : Fig. 567. 



Magnetization: see Fig. 565. 

Phase diagram: Fig. 568. 
Lattice parameter: Fig. 569. 



Thermal expansion : Fig. 570. 



Dielectric constant: Fig. 571. 

la I Curie temperature: see Fig. 423. 

4 I Thermal expansion : Fig. 572. 
5a I Dielectric constant: Fig. 573. 



_lb I Phase diagram : Fig. 574. 
5a I Dielectric constant: Fig. 575. 



lb j Phase diagram: Fig. 576. 
Lattice parameter: Fig. 577. 



5a I Dielectric constant: Fig. 578. 

lb I Phase diagram: see Fig. 576. 

Lattice parameter: Fig. 579. 

5a I Dielectric constant: Fig. 580. 



J Phase diagram: Fig. 581. 
Lattice parameter: Fig. 582a, b. 



5a I Dielectric constant: Fig. 583. 

lb I Phase diagram: Fig. 584. 

Lattice parameter: Fig. 585a, b . 

5a I Dielectric constant: Fig. 586. 

lb Phase diagram : Fig. 587. 

Lattice parameter: Fig. 588a, b. 



Dielectric constant: Fig. 



7a Electromechanical property: Tab. 74. 
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Figures p.323ff. 



74. (1 - ;r)PbTiO, - ;rBaZrO, (ceramics), and d„ at RT. [693 f 5] 





Pohng field 
• 10" V m-i 
[Tin °C] 




• 10->2 C N-i 


0.25 


29 


0.16 


40 


0.30 


[185 ••• 40] 




27 


0.23 


50 


0.35 


[170 •••40] 




39 


0.30 


110 


0.40 


[145 •••40] 




30 


0.17 


45 




[120^-40] 





Nr. IC-blO PbTiO,-BaSnO, lb I Phase diagram: Fig. 590. 

I Lattice parameter: Fig. 591a, b. 



Nr. ICbll LaAlOj-BiFeO, lb I Phase diagram: Fig. 592. 

Lattice parameter: Fig. 593. 

5a I Dielectric constant: Fig. 594. 



Nr. lC-bl2 LaCrOj-BiFeO, 



Phase diagram: Fig. 595. 
Lattice parameter: Fig. 596a. b. 



Thermal expansion: Fig. 597. 



Spontaneous magnetization : see Fig. 595. 



Nr. IC-cl NaNbO,-CaTiO, 

Nr. lC-c2 NaNbOj-BaTiO, 
Nr. lC-c3 NaNbOj-PbTiO, 

Nr. 1C-C4 NaNbOj-PbZtO, 

Nr. lC-c5 KNbOa-BaTiO, 

Nr. lC-c6 KNbOj-PbTiOj 

Nf. lC-c7 SrTiOj-BiFeOj 

Nr. 1C-C8 BaTiOj-LaAlO. 



lb I Phase diagram: Fig. 598. 
5a I Dielectric constant: Fig. 599. 



lb I Phase diagram: Fig. 600. 



lb I Transition temperature: Fig. 601. 
5a I Dielectric constant: Fig. 602. 



lb I Phase diagram: Fig. 603. 



5a I Dielectric constant: Fig. 604a, b. 

lb I Phase diagram : Fig. 605. 

Lattice parameter: Fig. 606. 

5a I Dielectric constant: Fig. 607a. b, c. 



lb I Phase diagram: Fig. 608. 
Lattice parameter: Fig. 609. 



5a I Dielectric constant: Fig. 610a, b. 

lb I Phase diagram: Fig. 611. 

Lattice parameter: Fig. 612. 

5a I Relaxation phenomena are observed in the range II [tfiF/]. 

lb I Lattice parameter and Curie temperature: Tab. 75. 
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Tab. 75. BaTiO,-LaAl03. Lattice parameters and 



Concentration 
mol% 



BaTiO, 



100.0 
99.0 
97.5 
95.0 
92.5 
90.0 
87.5 
85.0 
75.0 



LaAlOj 



2.5 
5.0 
7.5 
10.0 
12.5 
15.0 
25.0 
100.0 



Nr. 1C-C9 BaTiOj-BiFeOa 
Nr. IC-clO PbTiOj-LaAIO, 

Nr. IC-cll PbTiO,-LaMnO, 
Nr. 1C-C12 PbTiOs-LaFeOs 

Nr. 1C-C13 PbTiOj-BiFeO, 

Nr. 1C-C14 PbZrOa-BiFeO, 

Nr. IC-clS SrSnOj-BiFeO, 

Nr. 1C-C16 SrFeOj-BiFeOs 

Nr. IC-dl SrTiO,-Sr(Fe,/,Ta,/^03 
Nr. lC-d2 BaTi03-Ba(Fe,/jTa,/J03 
Nr. lC-d3 BaTi03-(K,/,Bi^,)Ti03 



[S8T4] 



3.9956 
3.9951 
3.9949 
4.0050 
4.0011 
3.9984 
3.9950 
3.9906 
3.9800 
3.7950 



4.0352 
4.0345 
4.0293 



1.0000 
1.0000 
1.0000 
1.000 



64.42 
64.39 
64.30 
64.24 
64.05 
63.92 
63.76 
63.55 
63.04 
54.65 



+ 120 
+ 87 
+ 46 

- 14 

- 85 
-133 



12 I ^^^^^^^^'^^''''^'''''^'^'^'^^^^'''^so^^c^^inev^idth: 

lb I Phase diagram: Fig. 614. 

Lattice parameter: Fig. 615. 

5a I Dielectric constant: Fig. 616. 

lb I Transition temperatures: Fig. 617. 
I Lattice parameters: Fig. 618. 

lb I Phase diagram: Fig. 619. 

Lattice parameter: Fig. 620. 

5a I Dielectric constant: Fig. 621. 



Phase diagram: Fig. 622a, b. 
Lattice parameter: Fig. 623a. b. 



Thermal expansion: Fig. 624. 



5a Dielectric constant; Fig. 625. 

lb j Phase diagram : Fig. 626. 

Lattice parameter: Fig. 627. 

5a I Dielectric constant: Fig. 628. 

_lb I Phase diagram : Fig. 629. 



12c 



Mossbauer absorption: Fig. 630. 
ia. I Unit cell volume: Fig. 631. 



I Magnetization: Fig. 632. 

lb I Phase diagram: Fig. 633. 

2b I Phase diagram: Fig. 634. 

lb j Curie temperature: Fig. 635. 
I Lattice parameters: Fig. 636. 



Nr. lC-d4 PbTiO,-(Na./,Bi,/,)Ti03 J^l Phase diagram and lattice parameters: Fig. 637. 



Nr. lC-d5 PbTiO,.(K,/,Bii/JTi03 
Nr. lC-d6 PbTi03-(Lii/3La^3)Ti03 



84 



5a I Dielectric constant: Fig. 638. 
lb I Curie temperature and lattice parameters: Fig. 639. 
lb I Curie temperature and lattice parameters: Fig. 640. 
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Figures p. 333 flf. 



Nt. lC-d7 PbTi03-(Na,/aLai/ij)Ti03 
Nr. lC-d8 PbTiO3-(Li,/jCci/j)Ti0s 
Nr. lC-d9 PbTiOj-(Li,/2Ndi/j)TiOj 
Nr. IC-dlO PbTi03-Pb(Mg,/jWi/j)03 

Nr. IC-dll PbTiO,-Pb(Fei/3Tai/j)03 
Nr. lC.dl2 PbTi03-Pb(Sci/2Nbi/3)03 
Nr. lC-dl3 PbTiOs-Pb(Mni/3Nb;iyj)03 

Nr. lC-dl4 PbZr03-Pb(Sc,/2Nb,/j)03 
Nr. lC-dl5 PbZr03-Pb(Fe,/jTai/j)03 
Nr. lC-dl6 PbZr03-(Na,/jBi,/e)Zr03 

Nr. lC-dl7 PbZr03-(Ki/jBii/s)Zr08 



1 b I Curie temperature and lattice parameters : Fig. 641 . 

lb I Lattice parameters : Fig. 642. 

lb I Lattice parameters: Fig. 643. 

lb I Phase diagram: Fig. 644. 

I Lattice parameters : Fig. 645. 

lb I Curie temperature: Fig. 646. 

lb I Curie temperature: Fig. 647. 

lb I Transition temperature: Fig. 648. 

I Lattice parameters : Fig. 649. 

lb I Curie temperature: see Fig. 647. 

lb I Curie temperature: Fig. 650. 

lb I Phase diagram: Fig. 651. 



Lattice distortion: Fig. 652. 



5a I Dielectric constant: Fig. 653. 



Phase diagram : Fig. 654. 
Lattice parameters: Tab. 76. 



Lattice distortion: Fig. 655. 



Dielectric constants : Fig. 656. 

Tab. 76. (1 - Ar)PbZr03 - «(K,/3Bii/3)ZrO,. Lattice 
constants at RT [62B10] 



0.10 
0.20 
0.30 
0.40 
0.50 



5.877 
5.876 
4.151 
4.152 



11.768 
11.764 
11.755 
11.751 



8.220 
8.227 
8.237 
8.248 



orthorhombic 
orthorhombic 
orthorhombic 
orthorhombic 



Nr. lC-dl8 PbHf03-Pb(Sci/jNbi/sj)0, lb | Curie temperature: see Fig. 647. 

Nt. lC-dl9 Pb(Mgi/2Wi/2)Os-Pb(Mg,/,Nb2/3)03 lb | Phase diagram : Fig. 657. 
Nr. lC-d20 (Nai/sBi,/j)TiOs-(K,/3Bi^ij)Ti03 



lb j Curie temperature: s 
I Lattice parameters: i 



Nr. lC.d21 PbZrO,-(Nai/2Bi,y3)TiO, 
Nr. lC-d22 BiFeOj-Sr(Sn,/3Mnj/,)03 

Nr. lC-d23 BiFeO,-Pb(Fei/i.Nbi/2)0, 



Phase diagram: Fig. 658. 
Lattice parameters: Fig. 659. 



lb I Phase diagram : Fig. 660. 
I Lattice parameters: Fig. 661. 



12c I Mossbauer effect: see [6SM8] 
Lattice parameters: Fig. 662. 



Dielectric constant: Fig. 663.' 



Magnetic susceptibiUty : Fig. 664. 
N6el temperature and spontaneous magnetization: 
Fig. 665. 



Figuten S. 337flf. 



II 1 Oxide des Perowskit-Typs 



Nr. IC-el NaNbOj-LiNbOj 
Nr. lC-e2 NaNbOj-NaVOj 
Nr. ICeS NaNbO,-CaNbsO, 
Nr. lC-e4 NaNbOj-CdNb^O. 



I Phase diagram: Fig. 666. 



5a I Dielectric constant: Fig. 667. 
_5a j Dielectric constant: Fig. 668. 



Switching: see Fig. 9. 

Jb I Phase diagram: Fig. 669. 
5a I Dielectric constant: Fig. 670. 



Phase diagram: Fig. 671, 672. 
Lattice parameter: Fig. 673. 



Dielectric constant: Fig. 6 74; Tab. 77. 
Piezoelectricity: Fig. 675; Tab. 78. 



Tab. 77. (1 - .)NaNbO, - i^l'^^^^fiA^^L^^ r^^^^ ratio; C: Curie constant; G com- 



Compo- 


Firing conditions 


















sition 


T 

"C 


hr 


phere 






0 
"C 




°C 


C 

■ wc 


"C 


Q 

lO'kgm-" 


0.02 
0.05 
0.10 
0.15 
0.20 
0.25 
0.30 


1250 
1250 
1250 
1250 
1250 
1250 
1220 


1 
1 
1 
1 
1 
1 
2 


OOOOOOO 

S3SSS3S 


230 
500 
1000 
1400 
2300 
3500 
2700 


1200 
130 
40 
20 
10 
12 


200 
60 
75 
50 
20 
5 

-25 


2700 
4000 
4100 
8500 
10000 
15000 
11000 


375 
375 
320 
285 
250 
220 
210 


12 
12 
18 
24 
14 
20 

20 1 


345 
345 
275 
260 
250 
230 
205 


3.9 
4.2 
4.3 
4.3 
4.4 
4.5 
4.6 



Tab. 78. (1 - ;r)NaNb03 - W2)CdNb,0, (ceramics) [62K4] 





0.05 


0.10 


0.15 


0.20 


0.25 


0.30 




Q 


4.2 


4.3 


4.3 


4.3 


4.4 


4.2 


lO'kgm-" 


/E-2r 


3.0 


3.0 


3.0 


3.15 


3.36 


3.25 


10" Hz m 




11.9 


11.6 


. 11.6 


10.5 


9.0 


10.1 


10-12 N-» 


tana 


0.01 


0.01 


0.02 


0.01 


0.01 


0.03 




xat 0t 


4 


4.1 


8.5 


16 


13 


11 


10» 



Nr. IC-eS NaNbOa-SrNbjO, 

Nr. lC-e6 NaNbOa-PbNbjO, 

Nr. lC-e7 CdTiOj-LiNbO,, CdTiO.-LiTaOj 
Nr. IC-eS StTiOa-BijO, • 3TiOj. 

Nr. lC-e9 BaTiOj-BaNbjO, 



Phase diagram: Fig. 676. 
Lattice parameter: Fig. 677. 



Dielectric constant: Fig. 678. 



Electromechanical properties: Fig. 679, 680, 681 

lb j Phase diagram: Fig. 682. 

Lattice parameter: Fig. 683. 

7a I Electromechanical properties : Fig. 684. 

5a I Dielectric constant: Fig. 685. 

_lb I Lattice parameter: Fig. 686. 
5a I Dielectric constant: Fig. 687, 688. 

lb I Phase diagram: Fig. 689. 



II 1 Perovskite-type oxides 



Figiues p.341ff. 



Nr. IC-elO BaTiOj-BaTa^Oo 


lb 


Lattice parameter: Fig. 690. 




5. 


Dielectric constant: Fig. 691. 


Nr. IC-ell BaTiOs-AjEjO, 


lb 


Curie temperature: Fig. 692. 




5a 


Dielectric constant: Fig. 693 ••• 697. 


Nr. lC-el2 PbZrOs-PbNbjOj 






For the solid solution with PbNbjO, as an end material see 5B-8. 




lb 


Phase diagram : Fig. 698. 




4 


Thermal expansion: Fig. 699. 








Nr. lC-el3 PbZrOj-PbTajOg 




Phase diagram: Fig. 701. 




4 


Thermal expansion: see Fig. 699. 




5 


Dielectric constant: Fig. 702. 


Nr. IC-fl CaTiOj-SrTiOj-BaTiOa 


lb 


Phase diagram : Fig. 703. 


Nr. lC-f2 CaTiOj-BaTiOj-PbTiO, 


lb 


Phase diagram : Fig. 704, 705. 
Curie temperature: Fig. 706. 




7a 


Electromechanical properties: see Nr. lA-8, 7a. 


Nr. lC-13 PbTiO,-PbZrO,-PbO:Sn02 


lb 


Phase diagram: Fig. 707. 




8b 


Elastic properties: Fig. 708, 709. 


Nr. 1C-I4 PbTiO -PbHfO -PbO:SnO 






Nr. lC-f5 PbTiOj-PbZrOj-LaFeOj 


lb 


Lattice parameters: Fig. 712. 


Nr. lC-f6 PbTiO,-PbZrO,-BiFeO, 




Phase diagram : Fig. 713. 
Lattice parameters: Fig. 714. 


Nr. IC-n PbTiO,-PbZr03-Pb(Mgi/3Nbj/j)03 


lb 


Phase diagram: Fig. 715. 
Lattice parameters: Fig. 716. 




7a 


Electromechanical property: Fig. 717, 718. 


Nr. lC-i8 PbTiOs-PbZr03-Pb(Fei/2Nb^ij)03 


lb 


Lattice parameters: Fig. 719. 
Curie temperature: Fig. 720. 




7a 


Electromechanical property: Fig. 721. 


Nr. lC.f9 PbTiO,-PbZrOj-AB03 


lb 


Phase diagram: Fig. 722. 


Nr. ICflO PbTiO,-SrTiO,-LaMnOj 


lb 


Curie temperature : Fig. 723. 


Nr. IC-fll PbTi08-LaMn03-LaMeO, (Me = 


Fe, Co, Ni, Cr) 




lb 


Transition temperatures : Fig. 724. 




5a 


Dielectric constant: Fig. 725. 




11 


Magnetic susceptibility: see Fig. 725. 
Magnetization: Fig. 726. 



Ikeda 



87 



Figuren S. 349fr. 



II 2 WO3 



Nr. lC-fl2 BaTiO,-SrTiO,-LaYO,-LaIn03 
Nr. lC-fl3 CaSnOj-SrSnOj-BaSnO, 
Nr. lC-fl4 (Na-K)(Nb-Ta)0, 
Nr. lC-fl5 (Ca-Ba)(Ti-Zr)03 
Nr. lC-fl6 (Sr.Pb)(Ti-Zr)0, 

Nr. lC.fl7 (Ba-Pb)(Ti-Zr)0, 

Nr. lC-fl8 (Ba-Pb)(Ti-Sn)03 

Nr. lC-fl9 BaTiO.-PbTiOj-BaNbjO.-PbNb.O, 



2 WO3 

2A Pure compound 
Nr. 2A-1 WO3, Tungster 



lb I Phase diagram: Fig. 727. 

lb I Phase diagram: Fig. 728. 

lb I Phase diagram: Fig. 729. 

lb I Phase diagram: Fig. 730. 

lb Phase diagram: Fig. 731. 

Lattice parameter: Fig. 732. 

Transition temperatu re : Fig. 733. 

5a Dielectric constant: Fig. 734, 735. 

Phase diagram: Fig. 736. 
Lattice parameter: Fig. 737. 
Transition temperature: Fig. 738. 



Electromechanical properties : Fig. 739, 740. 

I Phase diagram: Fig. 741, 742. 

Lattice parameter: Fig. 743. 
I Transition temperature: Fig. 744. 

I Phase diagram : Fig. 745. 
I Lattice parameter: Fig. 746. 



phase 


VII 


VI 


V 


IV 


III 


II 


I 


state 


F.) 














crystal 
system 


mono- 


tri- 
chnic*) 


chnic<=) 


ortho- 
rhombic") 


tetra- 
gonal*) 


tetra- 
gonal*) 


tetra- 
gonal") 


group 






P2,/ne) 




P4/nmmd) 






Tmelt = 147 


-40") 17b) 330«) 740O) 91 

3 "C. 


)») 123 


Qe) °C 



W O^A°wA'^l°'Jn V^^l^'^F^"^^ °f '^^^'^ specimens of WO 
by Ogawa«) m 1948. Possibihty of ferroelectricity " — 



Matthias") in 1949. 



, - -a discovered 

WOj was pointed out by 



= 7.157-10»kgm-«atRT. 

= 7.30 A, 6 = 7.53 A, c = 7.68 A, /3 = 90° 54' at 30 "C. 



Transparent, bluish green. 



Crystal growth: Sublimation method. 
Crystal form: Plate-like. 



Crystal structure: Fig. 747, 748; Tab. 79; Fig. 749. 
P^^f I I VI I V I IV I III I II I 



Lattice distortion : Tab. 80. 
Thermal expansion: Fig. 750 • 



NarS " = 100 - 300 at Uquid air temperature 

dBvi-mldp = -8.46 • 10-» ->K N-^ 

Dielectric hysteresis loop was observed at Hquid air temperature, 
the crystal system in the phase VII. possfbUity of triclinic symmetry was discussed by Ta^.saki [60Tn. 



'■)49M2 
^)60T1 
'')60T2 
^)52K1 
'')56S1 



2111 
04S1 
60T1 



66T4 
49M2 



Ikeda/Gesi/Nonjura 



V Index of substances 



V Wax of substances - Subs^„,^^^,^ 

5tS Of two nartc- r,o^ a ;- . 



This index consists of two naH-c- r,,^ a • ^ 

and/or their ^bbreZtT^^Jti- ,^2^^fl^^) 
are dete?;ntiT;Lpre aSSS. °' '""^ 
molecules are includerf^fn Vl^ "1 ° ^^^^r 

S2°Jl'" »>B<i solulloB BaTi5-KTio'l i. 



krisaik " • B "tilt 4ie iJiSi,: 

molekule sind in der BruHnVoL i .J^f" Wasser- 
Wassermolekule gSS^t defS^'f ^1 

hmzugefufft fz B Sei>npf+» c i • . ■ ■^^'^"^orniel 

KD.PO,) werfen ntl,? ^ ^"^^^ »st (z. B. 

ten Cn*^il^en 4eShK^^^ ^a- 
selben Absohnitt SflShen S wL°^ 



subsUnc'e^^^^'^iCe^aTcT^^^ *° 
section number Jd 4th ^ives the 

page of th^seS ^^e first 



oHpr PK-r r. tT'^"™stallreihe Iz B BaTin 



VA Pure compounds 



ADP 

AgNbO, 
AgO,Ta 
AgOjV 

AlCH.NOgSj • 12H,0 
A1CH,N,0,S, . 6H,0 
A1CH„N,0,,S, 
AlCH^NOjoS. 
AICHeNOgSe. • 12H,0 
AlCH.N,0,Se. • 6H,0 
AlCH.^NjOi.Se, 
AlCH,.NO,oSe3 
Anunonium 

metaphosphate 
AsCsHjO^ 
AsHjKO^ 



NHjCHjCOOH • AgNO. 

AgjHjIO, ' 

AgNbO, 

AgTaO, 

AgVO, 

CH,NH,Al(S04)j • 12H,0 
C{NH,),Al(SO,), . 6H,0 
C(NH,),Al(SO,), . 6h!o 
CH.NH,Al(SO,), • 12H,0 
CH,NH,Al{SeO,)j • 12H,0 
C(NH,),Al(SeO;);.6Hp 
C(NH,)3Al(SeO,),.6H'o 
CH,NH3Al(SeO*), • 12H,0 



CsHjAsO^ 
KH,AsO, 



13A-7 
29A-1 
35-22 
35-16 
35-18 
35-20 
18A-4 
19A-1 
19A-1 
18A-4 
18A-10 
19A-5 
19A-5 
18A-10 

35-14 
13A-6 
13A-4 



Funihata/Maldta 



V Substanzenverzeichnis 



Gross formula 



Chemical formula 



AsH,N04 
AsHjO^Rb 
Azobenzene 
Azoxybenzene 

B,BrCd,0,3 

B,BrCo,Oi3 

BjBrCrjOi, 

B,BrCujO,j 

BjBrFejOi, 

B,BrMg,0,3 

B,BrMn,0,3 

BjBrNijOi, 

B,BrO,3Zn3 

B.CajHijOie 

BeCajOu • 5H,0 

B,CdsC10„ 

B,Cd,IOi, 

B,ClCo,0,3 

B,ClCr30,3 

B,ClCU30i3 

B,ClFe30,3 

B,ClMg30i3 

B,ClMn30„ 

BjClNijOi, 

B,C10,3Znj 

BjCojIOig 

B,Cr,IO,3 

B,Fe,IO„ 

B,IMd,0,3 

B,INi30i3 

B,IO„Zn, 

Ba^BijFejNbgO,, 

BaBijNbjO, 

BaBijNbOijTij 

BaBijO.Taj 

BaBi^OijTii 

BajBi^OijTij 

BaCisCajH3oOi2 

Ba^CcjNbgNijOjo 

BaiFejGdjNbsOso 

Ba2Fe3Nb,Ndi05„ 

Ba^FejNbgNdjOjo 

Ba.FeNb,03, 

BajFejNb,OjoSm4 

Ba^FejNbsOjoSmij 

BajKNbjOis 

Ba,MgNb,40„ 

BajNaNbjOis 

BajNbgNd^NijOjo 

BajNbgNijOjoSm, 

BajNbjO.sRb 

BaeNbgOgoTijj 

BaNb, 5O5 jjZr, „ 

BaOgTaj 

BaOgTi 

BaOgZr 

BeCgF^HijN.Og 

BeF^HgNj 

BiBrS 

BiBrSe 

BijCaNbjO, 

BigCaO.Taj 

Bi^CaOisTi^ 



NHjHjAsO^ 
RbHj.AsO« 

CjjHioNjO 

CdjB,0„Br 

Co,B,0„Br 

Cr,B,Oi3Br 

Cu,B,0,3Br 

FesB,0,3Br 

Mg3B,0,3Br 

Mn,B,Oi,Br 

Ni,B,0,3Br 

Zn,B,Oi3Br 

CajB.O,, • SHjO 

CajB.O,, ■ 5HjO 

Cd3B,Oi3Cl 

Cd,B,Oi,I 

CojBjOijCl 

CrjBjOjsCl 

CujBjOijCl 

Fe,B,0,3a 

Mg3B,0„Cl 

Mn3B,Oi,Cl 

NijBjOjjCl 

Zn,B,Oi3Cl 

Co,B,Oi3l 

CrsBjOijI 

Fe,B,Oj3l 

Mn,B,0,3l 

Ni,B,0,3l 

ZnjBjOisI 

Ba^BijFejNbgOjo 

BaBijNb.O, 

BaBijTijNbOij 

BaBijTajOs 

BaBi^Ti^Ois 

BajBi^TijOig 

Ca2Ba(CH,CH,COO), 

BaiCe^NijNbgO,, 

Ba^GdjFe^NbOjo 

Ba,Nd4Fe3Nb,03, 

Ba4Nd3Fe2Nbg03„ 

BaeFeNb,O30 

Ba3Sm,Fe,Nb,Oa, 

Ba^SmjFcjNbgOjo 

KBajiNbgOjs 

Ba^gNbi4045 

NaBajNbsOjs 

Ba^NdiNijiNbgOjo 

Ba3Sm4Ni3Nbg03o 

RbBajNbsOis 

BagTijNbgOs, 

BaZr„.35Nb,.50s.,5 

BaTajOg 

BaTiO, 

BaZrO, 

(NH3CH3COOH)3H3BeF4 

(NH.)j,BeF« 

BiSBr 

BiSeBr 

CaBijNbjOg 

CaBijTajO, 

CaBi.Ti.Ois 



Nr. 


Page 


13A-8 


147 


13A-5 


143 


37-5 


216 


37-6 


216 


9A-18 


120 


9A-14 


119 


9A-11 


118 


9A-16 


119 


9A-13 


119 


9A-10 


118 


9A-12 


119 


9A-15 


119 


9A-17 


120 


21A-1 


173 


21A-1 


173 


9A-9 


118 


9A-25 


122 


9A-5 


117 


9A-2 


116 


9A-7 


118 


9A-4 


117 


9A-1 


115 


9A-3 


117 


9A-6 


117 


9A-8 


118 


9A-22 


121 


9A-19 


120 


9A-21 


120 


9A-20 


120 


9A-23 


121 


9A-24 


121 


5C-gl 


104 


7A-7 


109 


7A-12 


110 


7A-8 


109 


7A-14 


111 


7A-19 


112 


26A-3 


184 


5C-dl 


104 


5C-g4 


104 


5C-hl 


104 


5C-g2 


104 


5C-fl 


104 


5C-h2 


104 


5C-g3 


104 


5C-b3 


103 


5&-el 


104 


5C-b2 


103 


SC-cl 


104 


5C-C2 


104 


5C-b5 


103 


5C-jl 


104 


5C-j3 


105 


5A-3 


98 


lA-8 


51 


lA-12 


61 


28A-3 


190 




154 


lOA-7 


126 


lOA-10 


127 


7A-3 


107 


7A-4 


108 


7A-17 


112 



Furuhata/Makita 



V Index of substances 



Gross formula 



BiClS 
BiClSe 

BijFciNb.Nd.O^ 
BiFeO, 
BijGaOisTij, 
BilS 
BilSe 

BiKjNbjOis 
Bi,/2K,/jO,Ti 

Bi4.6Ko.50,5Ti, 

Bii/jNa,/30,Ti 

B>i.6Nao.50,5Ti, 

Bi,Nb,0,Pb 

Bi,NbO,jPbTij 

BijNbjOjSr 

BijNbOjTi 

BijOsPbTa^ 

Bi^OisPbTi^ 

BiiOisPbjTij 

BigOsSrTaj 

Bi«0„SrTi, 

Bi^Oi.SrjTis 

BijOsTaTi 

BijO„Ti, 

Bi^OijTi, 

Br.C.HijHgN 

BrjQHijHgP 

BrH 

BrSSb 

BrSbSe 

QCaCl^HsiNjO, 
C„CajH„0,jPb 
C.8Ca,H„0„Sr 
C^CljHijHgN 
CjCljHioMnNgO^ • 2H, 

C^CljHiiMnNjO, 

CjClHjNOjj 

QCljHjNO^ 

CCrHiNOsSj • 12HjO 

CCrH.N.O.Sj • 6H,0 

CCrH,„NO^Sj 

CCrH„N,0,,S, 

CCrH,N,0,Sej • 6H,0 

CCrH„N,0„Se, 

CgCuHjjO« • 4HjO 

CjjCuHioO, 

C.FeH.K,N,08 

CFeH,NO,S, • 12H,0 

CFeH^NOjoSj 

C.FeK,N, • 3H,0 

CGaHjNO.Sj • 12Hj,0 

CGaH.N,0,S2 • 6H,0 

CGaH„N,0„S2 

CGaHjoNOjoS, 

CGaH.NjOjSe, ■ SHfi 

CGaH„N,0,iSe2 

C.H^HgljN 

C,H,K«MnN,0, 

C,H,K,NeOjOs 

CgH.K^N.OjRu 

C^H^KNaO. . 4H,0 

C«H,jKNaOjo 

C.HjLiNO, • HjO 



Chemical formula 



BiSCl 
BiSeCl 

BijNd«Fe,Nb,0„ 

BiFeO, 

BiBi^TijGaO,. 

BiSI 

BiSel 

KjBiNbsOis 

(Ki/,Bi,/j)TiO, 

K«.5Bi,.5Ti,0,5 

(Na,/,Bi^,)TiO, 

Nao.5Bi< sTi,0,5 

PbBijNbjjO, 

PbBijTi,NbOij 

SrBijNbtO, 

BiBijTiNbOs 

PbBijTajO, 

PbBi^TiPis 

PbjBi^TisOij 

SrBijTajOs 

SrBi,Ti<0,5 

SrjBijTijOij 

BiBijTiTaOj 

BijTi^O,, 

BiBijTijTiOij 

N{CH,),HgBr3 

P(CH,),HgBr3 

H-Br 

SbSBr 

SbSeBr 

(CH,NHCH,COOH), • CaCl, 
CajPb(CH,CHjCOO). 
Ca3Sr(CH,CH,COO). 
N(CH,). . HgCI, 

(NHjCHjCOOH), • MnCl, • 2H,0 
(NH,CH,COOH)i, • MnCl. • 2H,0 
CHjClCOONH^ 
(CH2acCK))jH • NH, 
CH3NH,Cr(SO,), • 12H,0 
C(NH,),Cr(SO.), . 6H,0 
CH,NH,Cr(SO,)3 • 12H,0 
C(NHj),Cr(SO,)j ■ 6H.O 
C(NH,),Cr{SeO,), • 6H,0 
C(NH,)3Cr(SeO,), • 6H,0 
Cu(HCOO), • 4HjO 
Cu(HCOO), . 4H,0 
K.Fe(CN). . 3H,0 
CH,NH,Fe(SO.)j • 12H,0 
CH,NH,Fe(SO,)3 • 12H,0 
K.Fe(CN), . 3H3O 

CH,NH,Ga(SO,)3 • I2H3O 

C{NH,)3Ga(SO,), • 6H3O 

C(NHj),Ga(SOJ3 • 6H,0 

CH,NH,Ga(S04)2 • 12H,0 

C(NHj),Ga(SeO,)j • 6H,0 

C(NH,),Ga(SeO«), • 6H,0 

N(CH3),Hgl3 

K,Mn(CN), • 3H3G 

K,Os(CN), • 3H3O 

K,Ru(CN). • 3HjO 

NaKC.H^O, • 4H3O 

NaKC.H^O, • 4H3O 

LiNH, • C^H^O, • H3O 



Nr. 



lOA-6 

lOA-9 

5C-i2 

lA-15 

7A-18 

lOA-8 

lOA-11 

5C-a2 

IBl-i 

7B-4 

IBl-ii 

7B-3 

7A-9 

7A-13 

7A-5 

7A-1 

7A-10 

7A-15 

7A-20 

7A-6 

7A-16 

7A-21 

7A-2 

7A-22 

7A-11 

24A-2 

24A-3 

35-12 

lOA-1 

lOA-3 

32A-1 

26A-2 

26A-1 

24A-1 

31A-1 

31A-1 

27A-1 

27A-2 

18A-6 

19A-2 

18A-6 

19A-2 

19A-6 

19A-6 

25A-1 

25A-1 

22A-2 

18A-7 

18A-7 

22A-2 

18A-5 

19A-3 

19A-3 

18A-5 

19A-7 

I9A-7 

24A-4 

22A-1 

22A-^ 

22A-3 

33A-1 

33A-1 

34A-1 



Funihata/Makita 



V Substanzenverzeichnis 



Gross formula 

C^HioLiNO, 

C^H^LiO.Tl • HjO 

C^H.LiO,!! 

C^H.NNaO, • 4HjO 

C.Hi.NNaOio 

C4Hi,N30, 

C,H„N30,„S 

CH,NO,SjV • 12HjO 

CH.NjO.SjV • 6HjO 

CHijNjOuSaV 

CHjoNOeoSjV 

C.H„N30,„Se 

CH.NjS 

QH^NaO.Rb • 4HjO 

CjHijNaOjoRb 

CHJnNOjSa • 12HjO 

CHsoInNOaiS, 

C.KjMnNj • 3HjO 

CjKiNjOs • 3HjO 

CjKjN.Ru • 3HjO 

CaOjTi 

CaOjZr 

CdjHjNjOijS, 

Cdi/^Mni/iNbi/jOjPb 

Cd,/.Mn,/.0,PbW,/, 

CdjNbjO, 

Cd,/,Nb,/,0,Pb 

CdOjTi 
CljCsGe 
CIH 
CIK 

CoCrHsNjOjS. • 12HjO 

CoCrHjjN.CoSj 

Colemanite 

COi/^Mni/.Nbi/aOaPb 

Co,/4Mn,/.0,PbW,/, 

Coi/jNbj/jOjPb 

Coj/jNb,/jOjPb 

Co^jOjPbTaj/, 

Coj/jOjPbTaj/j 

C0,/20,PbW,/3 

Cri/^Nbi/jOsPbSc,/, 
CsHjO.P 
CsHjO.Sej 
CsNOj 



ErMnO, 
EujMojOij 

F,HjNjP 

FeH.NOgSj • 12HsO 

FeHjjNOjoSj 

Fe^Nb.Nd.Ojo 

FejNb,Nd,03oPbj 

Fe^2Nb,rtO,Pb 

FeNbjOjoSr, 

FejNbjOsoSr^Ybj 

Fe,/jO,PbTa,/. 

Fe^20,PbW,/j, 

Fe2/,0,PbW,/, 



Chemical formula 

LiNHj • CtUfit ■ Hp 
LiTlCiH^O, • HjO 
LiTlC«H40g • H,0 
NaNH^C.H.O, • 4H2O 
NaNH^C.H.O, • 4H2O 
(NHjCHjCOOHjj - HNOj 
(NHjCHjCOOH), • HjSO, 
CH,NH,V(SO«)j • 12HjO 
C(NHj),V(S04)j • 6HjO 
C(NH,),V(SOJs • 6HjO 
CH,NH,V(SO,)2 • 12HjO 
(NHjCHjCOOH), • HjSeO, 
SC(NHj)j 

NaRbC^H^O, • 4HjO 
NaRbC.H^O. • 4H2O 
CH,NH,In(S04)j • 12H,0 
CH,NH,Iii(SO«)2 • 12HjO 
KiMn(CN)e • 3HjO 
K,Os(CN), • 3Hfi 
KtRu(CN)s • 3HjO 
CaTiO, 
CaZrOj 

(NH«)jCdj(S04)5 

Pb(Cd,/.Mni/.Nb,/j)0, 

Pb(Cd,/.Mn,/,W,/,)0, 

CdjNbjO, 

Pb(Cd,/,Nb^/,)0, 

Pb(Cd,/,W,/,)0, 

CdTiOj 

CsGeClj 

HCl 

KCl 

Co(NHj)jHCr(S04)j • 12HjO 

Co(NHj)2HCr(SO«)j • 12HaO 

Ca^BeOi, • 5HjO or CaBjO^COH), • HjO 

Pb(Co^,Mn,/,Nb,/,)0, 

Pb(Co,/.Mn,/«W,/,)03 

Pb{Co^,Nb,/3)03 

Pb(Co,/,Nb,/,)03 

Pb(Co,/,Taj/,)0, 

Pb(Co^jTa,/j)03 

Pb(Co,/jWj/2)0, 

Pb(Sc,/,Cr,/,Nb,/,)0, 

CsHjPO, 

CsH3(Se03)j 

CsNOj 

Deoxyribonucleic acid 
Deoxyribonucleic acid 

ErMnOj 
Eus(Mo04)s 

NH.PF.NH^F 

NH,Fe(S04)j • 12Hj,0 

NH,Fe(SO«)2 • 12HjO 

Nd5Fe4Nb,O30 

PbjNd^FejNbjO^, 

Pb(Fe^jNb,/j)0, 

Sr.FeNbjOjo 

Sr^YbjFejNbgOjo 

Pb(Fe,/jTa^j)03 

Pb(Fe,/,W,/,)03 

Pb(Fe,/,W,/3)03 



Nr. 


Page 


34A-1 


199 


34A-2 


199 


34A-2 


199 


33A-2 


197 


33A-2 


197 


30A-1 


191 


28A-1 


185 


18A-8 


161 


19A-4 


166 


19A-4 


166 


18A-8 


161 


28A-2 


190 


23A-1 


177 


33A-3 


198 


33A-3 


198 


18A-9 


161 


18A-9 


161 


22A-1 


174 


22A-4 


176 


22A-3 


176 


lA-5 


44 


lA-10 


60 


16A-1 


156 


lB3-xvii 


70 


lB3-xvii 


70 


6A-1 


105 


lB4-iii 


71 


lB2-ii 


65 


lA-7 


50 


35-21 


208 


35-11 


202 


35-28 


211 


18A-11 


161 


18A-11 


161 


21A-1 


173 


lB3-xvii 


70 


lB3-xvii 


70 






lB3-iv 


68 


lB4-vii 


72 






lB2-iv 


66 


lB3-xvii 


70 






20A-3 


172 


12A-3 


134 


35-33 


212 


35-33 


212 


4A-2 


95 


35-2 


200 


35-24 


210 


18A-1 


157 


18A-1 


157 


5C-jl 


104 


5C-h3 


104 


lB3-iii 


67 


5C-f2 


104 


5C^g5 


104 


1B3-XU 


69 


lB3-xvi 


70 


lB5-ii 


73 



574 



V Index of substances 



GASH 

Gdi,Mo,0,2 

GeTe 

HI 

H„INjO, 

HJnNOsS, • 12H,0 

HjjInNOjoSj 

H2KO4P 

HjLiNjO^S 

HjLiO.Scj 

H^NNaO^S • 2H,0 

HjNNaO.S 

H,NO,P 

HjNO.S 

HsNjjO^S 

H.NOaSjV • 12H,0 

HssNOsoSiiV 

HjNaO.Scj 

HjO (Ice) 

HijO^PRb 

HO^RbS 

HfO,Pb 

HoMnOj 

Ho,/jNb^jO,Pb 

Ice 

IKOj 

ISSb 

ISbSe 

ISbTe 

In^/jNbi/jOjPb 
KDP 

KjLaNbjOjs 

Ko..Lio.4NbO, 

Ko.6Lio.4Nb„.30,Ta, , 

KLiO.S 

KNO2 

KNO, 

KNbOj 

KNbsOjjSrj 

KOjTa 

Lecontite 
LiNbO, 

Lii/^Nbw^OjPbWj/. 

liOjTa 

LuMnOj 

Luj/jNbi/jOjPb 

Lu^jOjPbTai/j 



MASD 

Mgi/4Miii/,Nb,/tO,Pb 

Mgi/4Mn^<0jPbTa,/j 

Mgi/^Mni/P,PbW,/2 

Mgi/sNbj/jOjPb 

MgNb„045Sr, 

Mgi/sOsPbTa^/, 

Mgx/iiOjPbWi/j 

Mni/iNbi/jNi^jOjPb 

Mnj/jNb^^jOjPb 

Mi»i/4Nbi/ii03PbZn^, 

Mni/4Nij/«0,PbWi/2 



Chemical formula 



C(NH,),Al(SOJ, . 6H,0 

Gd2(MoO,), 

GeTe 



(NH,),H3lO. 
NHJn(SOJ2 • I2H3O 
NHJn(SOj3-12H.O 
KH3PO, 

NaNH^SO^ • 2HjO 
NaNH.SO^ • 2H,0 
NH^HjPO^ 
(NHJHSO, 
(NH,)jSO, 

NH,V(SO,), • 12HjO 
NH,V(SO,)2 • I2H3O 
NaH3{SeO,), 
HjO 

RbHjPO^ 

RbHSO, 

PbHfO, 

HoMnOj 

Pb(HojyjNb,/,)0, 

Hp 

KIO3 

SbSI 

SbSel 

SbTel 

Pb(Ini/,Nb,/,)03 

KHjPO, 

KjLaNbjOis 

Ko.6Lio.4NbO, 

Ko.«Lio.4(Ta,.,Nbe ,)0. 

KLiSO, 

KNO2 

KNO3 

KNbOj 

KSrjNbsO,. 

KTaO, 

NaNH^SO^ • 2H»0 
LiNb03 

Pb(Lii/,Nbi/,W,/2)03 

LiTaOj 

LuMn03 

Pb(Lu,/,Nb^,)03 
Pb(Lu^,jTa^2)03 



CH3NH3Al(SO.)3 - 12H,0 

Pb(Mg,/,Mni/4Nbi/3)03 

^^(Mg,/,Mn^,Ta^,)03 

Pb^g^,Mny.W,/,)0, 

Pb{Mg,/3Nbj/3)03 

Sr,MgNb„04s 

Pb{Mg,/3Ta3/3)03 

Pb(Mg,/3Wj/3)03 

Pb(Ni,/,Mn,/,Nbi/3)03 
Pb(Mn,/3Nb,/3)03 
Pb(2n^,Mnj^,Nb,,2)03 
Pb(Ni,/,Mn,/,W,/3)03 



19A-1 

35- 3 

36- 1 

35-13 

35-23 

18A-3 

18A-3 

13A-1 

35-15 

20A-1 

17A-1 

17A-1 

13A-7 

15A-1 

14A-1 

18A-2 

18A-2 

20A-2 

35-29 

13A-2 

15A-2 

lA-14 

4A-3 

lB3-viii 

35-29 
lA-16 
lOA-2 
lOA-4 
lOA-5 
lB3-vi 



Funihata/Makita 



I3A-1 


134 


5&-al 


102 


5C-kl 


105 


5C-k2 


105 


35-27 


211 


llA-2 


130 


12A-1 


131 


lA-2 


39 


5C-bl 


102 


lA-4 


41 


17A-1 


157 


3A-1 


89 


lB3-xvii 


70 


3A-2 


92 


4A-6 


97 


lB3-ix 


68 


1B3-XV 


70 


18A-4 


158 


lB3-xvii 


70 


lB3-xvii 


70 


lB3-xvii 


70 


lB4-i 


70 


5C-e2 


104 


lB4-vi 


72 


lB2-i 


65 


lB3-xvii 


70 


lB3-ii 


67 


lB3-xvii 


70 


lB3-xvii 


70 


575 



V Substanzenverzeichnis 



Gross formula 


Chemical formula 


Nr. 


Page 


MnOj 

Mnj/jOjPbTai/j 

Mn,/,0,PbW,/, 

Mnjj/sOjPbWi/, 

MaOsTm 

MnOjY 

MnOjYb 

MOjOuSnij 

MOjOi,Tbij 


MnO, 

Pb(Mn^2Rei/,)0, 

Pb(Mn,/jjTa,/,)0, 

Pb(Mn,/,W,/,)0, 

Pb(Mn,/,W,/,)0, 

TmMnO, 

YMnO, 

YbMnO, 

Sm,(Mo04), 

Tb2{MoO«)3 


35-31 

1B2-V 

lB3-xi 

lB2-iii 

lB5-i 

4A-4 

4A-1 

4A-5 

35-1 

35-4 


212 
66 
69 
66 
73 
96 
94 
96 
200 
201 


NNaOj 
NOjRb 
NaNbO, 
NaO,Ta 
NaOjV 

Nbi/2Ni|/jO,Pb 

Nbj/,Niiy,0,Pb 

NbjO.Pb 

NbjO,Pbj 

Nbi/20,PbSc,/i, 

Nb,/20,PbYb^j 

Nbj/jOjPbZni/, 

NbsOisRbSrj 

Nii/,0,PbTa,/3 


NaNO, 
RbNO, 
NaNbO, 
NaTaO, 
NaVO, 

Pb(Nii/,Nbi/,)0, 

Pb(Nii/,Nb./,)0, 

PbNbjO, 

PbjNbjO, 

Pb(Sc,/,Nb,/j)03 

Pb(Yb,/,Nbj/,)0, 

Pb(Zn,/,Nb,/3)0, 

RbSrjNbgOig 

Pb(Ni,/,Ta,/,)03 


llA-1 

12A-2 

lA-1 

lA-3 

35-19 

1B3-V 

1B4-V 

5A-1 

6A-2 

lB3-i 

lB3-vii 

lB4-ii 

5C-b4 

lB4-viii 


128 

133 
37 
40 

208 
68 
72 
97 

106 
67 
68 
71 

103 
73 


0,PbSc,/,Ta,/j 

O.PbiSi 

O.PbTaj 

0,PbTai/jYbi/ij 

0,PbTi 

O.Pb.Vj 

O^RbTa 

OjSn 

O.SrTaj 

OjSrjTaj 

OjSrTi 

OjSrZr 

OjTi 

o,w 


Pb(Sc,/,Tai/3)03 

Pb«SiO. 

PbTajO, 

Pb(Ybi/,Ta^j)03 

PbTiO, 

PbjVgOj 

RbTaO, 

SnO, 

SrTa,0, 

Sr,Ta,0, 

SrTiO, 

SrZrO, 

TiOj, 

WO, 


1B3-X 

35-26 

5A-4 

lB3-xiv 

lA-9 


69 
210 
98 
70 
59 


35-25 
lA-13 
35-17 
35-32 
5A-2 
6A-3 
lA-6 
lA-11 
35-30 
2A-1 


210 
61 

207 

212 
98 

106 
45 
61 

212 
88 


p-azoxyanisole 

p-butoxybenzoic acid 
Perovskite 

p-methoxycinnamic acid 


C„Hi4N,03 

CnHijNjO, 

CiiHmO, 

CaTiO, 

CioHioO, 


37-1 
37-2 
37-3 
lA-5 
37-4 
35-31 


215 
215 
215 
44 
216 
212 


Rochelie salt 

RS 

Rutile 


NaKC.H.Og • 4H,0 
NaKQH^Og • 4H,0 
TiOj 


33A-1 
33A-1 
35-30 


193 
193 
212 


Seignette salt 

SiV, 

SnTe 


NaKQH^O, • 4H,0 

VjSi 

SnTe 


33A-1 
36-A 
36-2 


193 
214 
213 


TGS 

Tri-glycine tellurate 


(NH,CH,COOH),HjSO, 


28A-1 
28A-4 


185 
190 



576 Furuhata/Makita 




212 
66 
69 
66 
73 
96 
94 
96 
200 
201 

128 

133 
37 
40 

208 
68 
72 
97 

106 
67 
68 
71 

103 
73 

69 
210 

98 

70 

59 
210 

61 
207 
212 

98 
106 

45 

61 
212 

88 

215 
215 
215 
44 
216 
212 

193 
193 
212 

193 
214 
213 

185 
190 



V Index of substances 



VB Solid solutions 




ABO, 
AljBaO, 
AlLaO, 
AlLaO, 
AlLaO, 
AsH,NO« 
AsHjO.Tl 
AsIS 

BaBijNbjjO, 

BaBijNbjOj 

BaBi,NbO,,Ti, 

BaF^Li, 

?aFe,/,0,Ta,/, 

BaHfO, 

BaHfO, 

BaNhjO, 

BaNbjO. 

BaNbjO, 

BaNbjO, 

BaNbjO, 

BaNbjO, 

BaNbjO, 

BaNbjO, 

BaNb,0, 

BaOjSn 

BaOjSn 

BaO.Sn 

BaOjSn 



BaOjSn 
BaO.Taj 
BaO.Taj 
BaO.Taj 
BaOjTi 
BaOjTi 
BaOjTi 
BaO.Ti 
BaOjTi 
BaOjTi 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO,Ti 
BaOjTi 
BaOjTi 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
OjTi 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 
BaO.Ti 



ABO.-PbTiO.-PbZrO. 
BaAljO^-BaLijF^ 
LaAlOj-BaTiO, 
LaAlO.-BiFeO. 
LaAlO.-PbTiO. 
NH,HjAsO,-TlHjAsO. 
TlHjAsO.-NH.H^AsO, 
AsSI-SbSI 

(Ba-Pb)Bi.Nb20. 

BijBaNb,0,-Bi,TiNb05 

Bi,BaTi.NbO,j-Bi,Ti.O,, 

BaLijF^-BaAl.O^ 

Ba(Fe,/,Tai/,)0.-BaTiO. 

BaHfO.-BaTiO. 

BaHfO.-PbHfO. 

BaNbjO,-BaTiO. 

BaNb.Os-BaZrO, 

BaNbjO.-CaNbjO, 

BaNbjO.-PbNbjO, 

BaNbjO.-SrNbjO, 

BaNb.O,-BaTiO.-PbTiO,-PbNb O 

(Ba-Pb-Sr)(Nb-Ta)ijO. " * 

(Ba-Pb-Ca) (Nb-Ta),0. 

BaZr„..5Nb,.505 .5 

BaSnO.-BaTioi 

BaSnO,-PbO:SnOj 

BaSnO.-PbTiO. 

(Ba-Pb)(Sn-Ti)0, 

BaSnO.-SrSnO. 

Ba SnO.-Ca SnO.-SrSnO, 

BaTajOj-BaTiO. 

(Ba-Pb-Ca){Ta-Nb)sO, 

(Ba-Pb-Sr)(Ta-Nb).0. 

BaTiO.-Ba(Fe,/.Ta^,)0, 

BaTiO.-BaHfO. 

BaTiO.-BaNbjOe 

BaTiO.-BaSnO. 

BaTiOs-BaTa.O, 

BaTiO.-BaUO, 

BaTiO.-BaZrO. 

BaTiO.-BiFeO. 

BaTiO.-Bi^Ti.O,. 

BaTiO.-CaTiO, 

BaTiO.-CojNbjO, 

BaTiO.-COjTajO, 

BaTiO.-{K^,Bi,/.)TiO. 

BaTiO.-KNbO. 

BaTiO.-LaAlO, 

BaTiO.-MnjNbjO, 

BaTiO.-MojTajO, 

BaTiO.-NaNbO. 

BaTiO.-NijNb.O, 

BaTiO.-NijsTajO, 

BaTiO.-PbOrSnOj 

BaTiO.-PbTiO. 

BaTiO.-PbZrO. 

BaTiO.-SrTiO. 

BaTiO.-CaTiO.-PbTiO. 

BaTiO.-CaTiO.-SrTiO, 



lC-f9 
8B-1 
1C-C8 
IC-bll 
IC-clO 
13B-3 
13B-3 
lOB-1 

7B-5 

7B-1 

7B-2 

8B-1 

lC-d2 

lC-a24 

lC-al8 

lC-e9 

5C-j2 

5B-1 

5B-5 

5B-3 

lC-fl9 

5B-I5 

5B-15 

5C-j3 

lC-a25 

lC-a21 

IC-blO 

lC-fl8 

lC-a20 

10-fl3 

IC-elO 

5B-15 

5B-15 

lC-d2 

lC-a24 

lC-e9 

lC-a25 

IC-elO 

lC-a26 

lC-a23 

1C-C9 

7B-6 

IC-a7 

IC-ell 

IC-ell 

lC-d3 

1C-C5 

1C-C8 

IC-ell 

IC-ell 

1C-C2 

IC-ell 

lC-€ll 

lC-b4 

IC^ll 

lC-b3 

lC-a9 

lC-f2 

IC-fl 



84 
114 



Funihata/Makita 



Gross formula 

BaOjTi 

BaOjTi 

BaOjTi 

BaOjTi 

BaOjTi 

BaOjU 

BaOjZr 

BaOjZr 

BaOjZr 

BaO,Zr 

BaOjZr 

BaOjZr 

BaOsZr 

BaOjZr 

BeF^HgNj 

BiFeO, 

BiFeOj 

BiFeO, 

BiFeOs 

BiFeO, 

BiFeO, 

BiFeO, 

BiFeO, 

BiFeO, 

BiFeO, 

BiFeO, 

BiFeO, 

BijGaOisTi, 

BilS 

Bii/jKj/jO.Ti 

Bii/jKi/jOjTi 

Bi^,K^jO,Ti 

Bi,/jK,/,0,Zr 

Bij/2Nai/20,Ti 

Bii/2Na,/,0,Ti 

Bii/,Na^,0,Ti 

Bii/jNai/jOjZr 

BiNbOs 

BijNb.Oi, 

BijNbjOjPb 

BijNbjOjPb 

Bi,NbOijPbTi2 

BijNbjOsSr 

BijNbOijSrTi, 

Bi,NbO,Ti 

Bi,Nb08Ti 

BijNbOjTi 

Bi40„PbTi4 

BiO,Ti 

Bi,0,Ti, 

BijO^Ti, 

Bi.OijTi, 

Bi^OijTi, 

Bi.OijTi, 

Bi^Oi^Ti, 

BrSSb 

CjFH^NjOsP 

CjFeHeK.NeO, 
CsFeHjK.NeO, 
C^FeHeK^NjO, 
CjFeHieNio • 3H,0 
CsFeHjjNjoO, 



V Substanzenverzeichnis 

Chemical formula 

BaTi03-LaInO,-LaYO,-SrTi03 

BaTiOj-PbTiOj-BaNbjOe-PbNbjOj 

{Ba-Ca)(Ti-Zr)0, 

(Ba-Pb)(Ti-Sn)0, 

(Ba-Pb){Ti-Zr)0, 

BaUO,-BaTiO, 

BaZrOj-BaNbjOj 

BaZrO,-BaTiO, 

BaZrOj-CaZrO, 

BaZrOj-PbTiO, 

BaZrOj-PbZrO, 

(Ba-Ca)(Zr-Ti)0, 

(Ba-Pb)(Zr-Ti)0, 

BaZro j^Nb, 5O5 „ 

(NH4)2BeF,-(NH4)2S04 

BiFeO,-BaTiO, 

BiFeOj-LaAlO, 

BiFeOj-LaCrO, 

BiFeOa-LaFeO, 

BiFeO,-Pb(Fe^2Nbi/,)0, 

BiFeOs-PbTiO, 

BiFeO,-PbZrO, 

BiFeO,-SrFeO, 

BiFeO,-Sr(Sni/,Mn,/,)0, 

BiFeO,-SrSnO, 

BiFeO,-SrTiO, 

BiFeO,-PbTiO,-PbZrO, 

Bi5Ti,GaOi5-Bi4PbTi40i5 

BiSI-SbSI 

(Ki/ijBi,/,)TiO,-BaTiO, 

(Ki/jBii/,)TiO,-(Na^,Bi,/2)TiO, 

(Ki/jjBi^,)TiO,-PbTiO, 

(Ki/sjBii/j)ZrO,-PbZrO, 

(Nai/,Bi,/j)TiO,-(K,/,Bi^JTiO, 

(Nai/,Bii/,)TiO,-PbTiO, 

(Na,/2Bii/,)TiO,-PbZrO, 

(Nai/,Bii/2)ZrO,-PbZr03 

Bi(Nb-Ti)Oe-PbNbjO, 

BijO, • SNbjOs-PbNbjO, 

BijPbNbjOj-BijTiNbO, 

BijPbNbjOs-BaBijNbjO, 

Bi,PbTii,NbO,2-Bi4Ti,0,j 

BijSrNbjOj-BijTiNbOs 

Bi, SrTijjNbOij-Bi^TijOij 

BijTiNbOs-BijBaNbiO, 

BijTiNbOj-BijjPbNbsO, 

BijTiNbOj-BijSrNbjO, 

Bi4PbTi40„-Bi5Ti,GaO,5 

Bi(Ti-Nb)0.-PbNb,0. 

BijO, • 3TiO,-PbNbjjO, 

BijO, ■ STiOj-SrTiO, 

Bi,Ti,Oij-BaTiO, 

Bi^TijOij-BisBaTijNbOi, 

BiiTijOjj-BiaPbTijNbOij 

Bi.TisOij-BisSrTijNbOij 

SbSBr-SbSI 

(NHjCHaCOOH), ■ HjPOsF- 
(NHjCHaCOOH), • H,SO« 
K,Fe(CN), • 3H,0-{NH4)4Fe(CN), • 3H,0 
K,Fe(CN)s • 3H,0-Rb4Fe(CN)j • 3H,0 
K^FetCN), - 3HjO-Tl4Fe(CN), • SH^O 
{NH4)4Fe(CN), • 3H20-K4Fe(CN), • 3H5JO 
(NH4)4Fe(CN), • 3H20-K4Fe(CN)« • 3H2O 
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V Index of substances 



Gross formula 


Chemical formula 


Nr. 


Page 


C,FeH,NgO,Rb4 
CeFeH.NeOsTl, 
C.FeK,N, • 3H,0 
CFeK.N, • 3HjO 
CFeK.Ng • 3H,0 
CFeN.Rb, • 3H,0 
CjFeN.Tl^ • 3HjO 
QH.KNaOg • 4HjO 
C4H4KNaOg • 4HjO 
C4H,jKNaO,o 
C«Hi,KNaOio 
QHaNNaO, • 4HjO 
C^HuNNaOjo 
C,Hi,N,0„S 

C,H„N,Oi,S 

C,H„N,Oi,Se 

CiH.NaOgTl • 4H,0 

C«Hi,NaO,oTl 

CaHfO, 

CaNbjO, 

CaNbjO, 

CaNbjO, 

CaNbjO, 

CasNbjO, 

CaOjSn 

CaOjSn 

CaOjSn 

CaO.Taj 

CajOjTaj 

CaO.li 

CaOjTi 

CaOjTi 

CaOjTi 

CaOjTi 

CaOjTi 

CaOjTi 

CaO,Ti 

CaOjZr 

CaOjZr 

CaOjZr 

CaOjZr 

CaOjZr 

CdNbjO, 

CdNb,0, 

Cd,Nb,0, 

CdjNbjO, 

Cd,Nb,0, 

Cd,Nb,0, 

Cd,0,Taj 

CdOjTi 

CdOsTi 

Cei/,Lii/,OjTi 

CoLaO, 

COjNbjO, 

Co,0,Tasj 

CrLaol 
CsNO, 


Rb4Fe(CN), • 3H,0-K4Fe(CN)8 • 3H,0 
Tl4Fe(CN)e • 3H,0-K4Fe(CN). • 3HjO 
K,Fe(CN). • 3H.O-(NH4)4Fe(CN). • 3Hp 
K4Fe(CN)e • 3H,0-Rb4Fe(CN), • 3HjO 
K4Fe(CN), • 3H,0-Tl4Fe(CN), • 3HjO 
Rb4Fe{CN), • 3H40-K4Fe(CN). • 3Hfi 
Tl4Fe(CN)« • 3HjO-K4Fe(CN). • 3H,0 
NaKC4H40, • 4H,O-NaNH4C4H40. • 4H,0 
NaKC4H40, • 4H,O-NaTlC4H40e • 4HjO 
NaKC4H40, • 4H,0-NaNH4C4H40e ■ 4HjO 
NaKC4H40, • 4H3O-NaTlC4H40, • 4HjO 
NaNH4C4H40. • 4H,0-NaKC4H40. • 4HjO 
NaNH4C4H40, • 4H,O-NaKC4H40, • 4H,0 
(NH,CH„COOH), • H,S04-(NH,CH,COOH)3 • 

• HjPOjF 

(NHjCHjCOOH), • HjS04-(NH,CH,COOH)3 • 

• HjSeO, 

(NHjCHjCOOH), • HsSe04-(NHsCHjC00H), • 

• HjS04 

NaTlC4H404 • 4H30-NaKC4H40, • 4HjO 

NaTlC4H40, • 4H30-NaKC4H405 • 4HjO 

CaHfOj-PbHfOj 

CaNbjOj-BaNbjO, 

CaNbjO.-NaNbO, 

CaNbjO.-PbNbjO, 

(Ca-Ba-Pb)(Nb-Ta)30. 

CajNb,0,-Cd3Nb30, 

CaSnOs-PbTiO, 

CaSnOs-SrSnO, 

CaSnOa-SrSnOj-BaSnOs 

(Ca-Ba-Pb) (Ta-Nb) jO. 

CajTajO,-Sr,Ta20, 

CaTiOj-BaTiO, 

CaTiOj-CaZrOj 

CaTiOj-NaNbO, 

CaTiOa-PbTiO, 

CaTiOj-SrTiO, 

CaTiOj-BaTiO.-PbTiO, 

CaTiOj-BaTiOj-SrTiO, 

(Ca-Ba)(Ti-Zr)03 

CaZrOs-BaZrOj 

CaZrOj-CaTiO, 

CaZrOj-PbTiO, 

CaZrOj-PbZrOj 

(Ca-Ba)(Zr-Ti)0, 

CdNbjO.-NaNbOa 

CdNb30,-PbNb,0e 

CdjNbj,0,-Ca,Nb,0, 

CdjNbjO,-Cd,Ta,0, 

CdjNbjOj-MgjNbaO, 

CdjNbgO,-Pb,Nb,0, 

CdjTaA-CdjNbjO, 

CdTiOj-LiNbOj 

CdTiOj-LiTaO, 

(Li^,Cei/,)TiO,-PbTi03 

LaCoOj-PbTiOj-LaMnOj 

CojNbgOj— BaTiOs 

CojTajOj-BaTiOj 

LaCrO — BiFeO' 

LaCrOj-PbTio'j-LaMnOa 

CsNOj-RbNO, 


22B-2 
22B-3 
22B-1 
22B-2 
22B-3 
22B-2 
22B-3 
33B-1 
33B-2 
33B-1 
33B-2 
33B-1 
33B-1 

28B-2 

28B-1 

28B-1 

33B-2 

33B-2 

lC-al6 

5B-1 

lC-e3 

5B-2 

5B-15 

6B-1 

lC-b6 

lC-al9 

lG-fl3 

5B-15 

6B-6 

lC-a7 

lC-a22 

IC-cl 

lG-a8 

lC-a6 

lC-f2 

IC-fl 

lC-fl5 

lC-al2 

lC-a22 

lC-b5 

lC-al3 

lC-fl5 

lC-e4 

5B-10 

6B-1 

6B-3 

6B-4 

6B-2 

6B-3 

lC-e7 

lC-d8 
IC-fll 
IC-ell 

lC-€ll 

lC-bl2 
IC-fll 
12B-4 


176 
177 
176 
176 
177 
176 
177 
198 
198 
198 
198 
198 
198 

191 

191 

191 
198 
198 
76 
99 
86 
99 
102 
106 
82 
76 
88 
102 
106 
74 
76 
83 
75 
74 
87 
87 
88 
76 
76 
82 
76 
88 
86 
101 
106 
106 
106 
106 
106 
86 
86 
85 
87 
87 
87 
83 
87 
134 


EujMOjOij 
EujMOjOxj 


(Eu-Gd),(Mo04), 
(Eu-Tb),(iyio04)s 


35-5 
35-6 


201 
201 
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Gross formula 


emica ormu a 


Nr. 


Page 


FeLaO, 


LaFeO,-BiFe03 


ir 


82 


FeLaO, 


LaFeO,-PbTiO, 


ir ^19 




FeLaO, 


LaFeO,-PbTiO,-LaMnO, 


IC-fll 


87 


FeLaO, 


LaFeOj-PbTiOj-PbZrO, 


lC-f5 


87 


Fei/jNbi/jOjPb 


Pb (Fe,/,Nbi/,) Oj-BiFeO, 


lG-d23 


85 


Fe^jNb,/,0,Pb 


Pb(Fe,/,Nb,/,)0,-PbTiO,-PbZrO, 


lG-f8 


87 


Fei/sO,PbTai/2 


Pb(Fei/8Ta,/,)0,-PbTiO, 


IC-dll 


85 
85 


Fei/jO,PbTai/s 


Pb{Fei/2Ta,/j) 0,-PbZrO, 


10-dl5 


FeOjSr 


SrFeO,-BiFeO, 


1C-C16 


84 


Fei/,0,SrTa,/, 


Sr(Fe,/,Ta,/j)0,-SrTiO, 


IC-dl 


84 


GdjMojOis 


(Gd-Eu)j{Mo04)3 


35-5 


201 


Gd2Mo30i2 


( Gd-Nd) , (M0O4) 3 


35-8 


202 


GdjMosOi, 


(Gd-Tb)3(Mo04)3 


35-9 


202 


GdjMo,0,s 


(Gd-Y),(Mo04)3 


35-7 


202 


GdjMosOi, 


Gd,({Mo-W)04), 


35-10 


202 


GdjO,jW3 


Gd3{(W-Mo)04), 


35-10 


202 


GeTe 


GeTe-SnTe 


36-3 


214 


H2KO4P 


KHjPOi-NH^HiPO, 






H^NjO, 


NH4NO3-KNO3 




1^4 


HeNO,P 


NH4H2PO4-KHJPO4 




148 


HgNO^P 


NH.HjPOj-TlHsiPOj 


13B-? 


148 


HgNjO^S 


{NH4)2S04-(NH,),BeF4 






HjjO.PTl 


TlHjPO^-NHjHjPO^ 






HfOjPb 


PbHf03-BaHfO, 


IC^IB 


76 


HfO,Pb 


PbHf03-CaHfO, 


lC-al6 


76 




PbHfO,-Pb(Sci/,Nb^,)0, 


lC-dl8 


85 


Hfo]pb 


PbHfOj-PbTiO, 


lC-a29 


82 
82 


HfO,Pb 


PbHfOj-PbZrO, 


lC-a31 


HfO,Pb 


PbHfO,-SrHfO, 


lC-al7 


76 


HfOjPb 


PbHfO,-PbTiO,-PbO : SnO, 


lC-£4 


87 


HfOjSr 


SrHfOj-PbHfO, 


lC-al7 


76 


IK 


KI-KNO, 


12R-^ 


134 


lOSb 


SbOI-SbSI 


lOB-2 


127 


ISSb 


SbSI-AsSI 


lOB-1 


127 




SbSI-BiSI 


lOB-5 


128 


ISSb 


SbSI-SbOI 


lOB-2 


127 


ISSb 


SbSI-SbSBr 


lOB-3 


127 


ISSb 


SbSI-SbSel 


lOB-4 


128 


ISbSe 


SbSel-SbSI 


lOB-4 


128 

88 


InLaO, 


LaIn03-BaTiO,-LaYO,-SrTiO, 


lC-fl2 


KNO, 


KNO3-KI 


12B-3 




KNO5 


KNO,-NH4NO, 


12B-1 


134 


KNO, 


KNO,-RbNO, 


12B-2 


134 


KNbO, 


KNbO,-BaTi03 


lC-c5 




KNbO, 


KNbO,-KTaO, 


lC-a4 


74 


KNbO, 


KNbOj-NaNbO, 


IC-al 




KNbO, 


KNbO,-PbNb,OB 




101 


KNbO, 


KNbO,-PbTiO, 


1C^6 




KNbO, 


KNbO,-SrNb,0, 


5C-b6 


88 


KNbO, 


(K-Na)(Nb-Ta)0, 


lC-fl4 


KNbO, 


Ko.eLio.4(Nb„.3Ta,.,)0,. 


5C-k2 


105 


KNbO, 


K(Nbo ejTaj.,5)Os (KTN) 




74 


KO,Sb 


KSb03-NaNb03 


lC-b2 


82 


KO.Ta 


KTa03-KNbO, 


lC-a4 


74 


KO,Ta 


KTaO,-NaNb03 


IC-bl 


82 


KOjTa 


K(Ta„.,5Nb^,5)0, (KTN) 


lC-a5 


74 


KOjTa 


(K-Na)(Ta,.,Nbo.,)0, 


lC-fl4 


88 


KO,Ta 


K„.«Li,.,(Ta<,.,Nb».,)0, 


5C-k2 


105 


KTN 


K(Ta„.,5Nbo.J03 


lC-a5 


74 
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V Index of substances 



Gross fonnula 



LaFeO, 

Lai/iLii/aOjTi 

LaMnOj 

LaMnO, 

LaMnO, 

LaMnO, 

LaMnOs 

LaMnOg 

La,/jNai/jO,Ti 

LajNbsOia 

LaNiO, 

LaOjY 

LiNbOj 

LiNbO, 

LiNbO, 

LiNbOj 

LiNbOj 

Lij/,Nd,/20,Ti 

LiOsTa 

LiOsTa 

LiO.Ta 



Mg^NbjO, 

Mgi/sNbj/jOjPb 

Mgi/aNba/jOjPb 

Mgi/sOjPbW,/, 

Mn,/2Nb^jO,Pb 

Mn,/30,Sn,,,Sr 

MnjNbjO, 

]VInjO,Taj 

Mo3Nd,0„ 

MojOijTbj 

MojOijTbj 

MOjOigYg 

NOjRb 
NO,Rb 
NaNbOs 
NaNbOj 
NaNbOj 
NaNbOs 
NaNbOj 
NaNbOa 
NaNbO, 
NaNbO, 
NaNbO, 
NaNbO, 
NaNbO, 
NaNbO, 

NaNbO, 

NaNbO, 

NaNbO, 

NaNbO, 

NaO,Sb 

NaO,Ta 

NaO.Ta 

NaO,V 

Nb^NijO, 

Nb,0,Pb 

Nb,0,Pb 

NbjOjPb 

Nb,O.Pb 



Chemical formula 



LaFeOj-PbTiO, 

(Lii/jLaj/,)TiO,-PbTiO, 

LaMnOg-PbTiO, 

LaMnO,-LaCoO,-PbTiO, 

LaMnO,-LaCrO,-PbTiO, 

LaMnOa-LaFeOj-PbTiO, 

LaMnO,-LaNiO,-PbTiO, 

LaMnO,-PbTiO,-SrTiO, 

(Nai/,La^,)TiO,-PbTiO, 

LajsO, • 3Nb,05-PbNb,0, 

LaNiOj-LaMnOj-PbTiO, 

LaYO,-BaTiO,-LaInO,-SrTiO, 

LiNbO,-CdTiO, 

LiNbOa-LiTaO, 

LiNbO,-NaNbO, 

LiNbO,-PbNb20, 

Lio.«Ko.,(Nbo.,Ta,.,)0, 

(Li,/2Ndi/j)TiO,-PbTiO, 

LiTaOj-CdTiO, 

LiTaO,-LiNbO, 

Lio.«Ko.e(Tao.,Nbo.,)0, 

MgjNb,0,-Cd,Nb,0, 

Pb(Mg,/,Nb,/,)0,-Pb(Mgw,Ww,)0, 

Pb(Mg,/,Nb./,)0,-PbTiO^Pb^5^X 

Pb(Mgj/,W,/,)0,-Pb(Mg^,Nb,,,)0, 

Pb{Mg,/,Wi/,)0,-PbTiO, ' 

Pb(Mni/,Nbi/,)0,-PbTiO, 

Sr(Sn^,Mni,/,)0,-BiFeO, 

Mn,NbjO,-BaTiO, 

MnjTa^Oj-BaTiO, 

(Nd-Gd),(MoOj), 

(Tb-Eu),(MoO«), 

(Tb-Gd),(MoO,), 

(Y-Gd),(MoO,), 

RbNOj-CsNOj 

RbNO, KNO, 

NaNbO,-BaTiO, 

NaNbOj-CaNbjO, 

NaNbOj-CaTiO, 

NaNbO,-CdNbjOe 

NaNbO,-KNb03 

NaNbO,-KSbO, 

NaNbO,-KTaO, 

NaNbOs-LiNbO, 

NaNbOj-NaVOj 

NaNbOj-NaSbO, 

NaNbO,-NaTaO, 

NaNbOj-PbNbjO, 

NaNbO,-PbTiO, 

NaNbO,-PbZrO, 

NaNbO,-SrNbjO, 

(Na-K)(Nb-Ta)0, 

NaSbO.-NaNbO, 

NaTaO.-NaNbO, 

(Na-K)(Ta-Nb)0, 

NaVOj-NaNbO, 

NijNb,0,-BaTiO, 

PbNbjOe-BaNbjOs 

PbNbjjOs-Bi,0, • SNbjO, 

PbNbjOs-BijO, ■ STiOj 

PbNbaOj-CaNbjO, 



Nr. 


p 

age 


1C-C12 


84 


lC-d6 


84 


IC-cll 


84 


IC-fll 


87 


IC-fll 


87 


IC-fll 


87 


IC-fll 


87 


IC-flO 


87 


lC-<i7 


85 


5B-12 


101 


IC-fll 


87 
88 


lC-fl2 


lC-e7 


86 




94 


IC-el 


86 


5B-11 


101 


5C-k2 


105 


lC-d9 


85 


lC-e7 


86 


3B-1 


94 


5C-k2 


105 


6B-4 


106 


lC-dl9 


85 


lC-f7 


87 


1C-<119 


85 


IC-dlO 


85 


lC-dl3 


85 


lC-d22 


85 


lC-€ll 


87 


IC-ell 


87 


35-8 


202 


35-6 


201 


35-9 


202 


35-7 


202 


12B-4 


134 


12B-2 


134 


1C-C2 


83 


lC-e3 


86 


IC-cl 


83 


lC-e4 


86 


IC-al 


73 


lC-b2 


82 


IC-bl 


82 


IC-el 


86 


lC-e2 


86 


lC-a3 


74 


lC-a2 


74 


lC-e6, 


86 


5B-11 


101 


1C-C3 


83 


1C-C4 


83 


lC-e5 


86 


lC-fl4 


88 


lC-a3 


74 


lC-a2 


74 


lC-fl4 


88 


lC-e2 


86 


IC-ell 


87 


5B-5 


100 


5B-13 


102 


5B-14 


102 


5B-2 


99 



V Substanzenverzeichnis 




Nb^O.Pb 
NbaO.Pb 

NbaOsPb 

NbjO.Pb 

NbjO.Pb 
NbjOoPb 

NbjOjPb 

NbjOgPb 
NbjOePb 
NbjOsPb 
NbjOsPb 
NbjOePb 
Nb^OePb 
NbgOvPbj 
Nbi/aOjPbScj/j 

Nbi/jO,PbSc,/j 

Nbi/jOjPbScj/, 

NbOjRb 

KbgOjeSm, 

NbjOeSr 

NbgOjSr 

NbjOeSr 

NbjOeSr 

NbaOsSr 

Nb20,Srj 

Ni20,Taj 
NbjOisYj 

OsPbSn 
OjPbSn 
OjPbSn 
OjPbSn 
OjPbSn 
OaPbSn 
OsPbSn 
OjPbSn 
OePbTaj 
O.PbTaa 
OePbTaj 
OePbTaj 
OePbTa, 
OsPbTi 
OjPbTi 
OjPbTi 
OjPbTi 
OsPbTi 
OjPbTi 
0,PbTi 
OjPbTi 
0,PbTi 
OsPbTi 
OjPbTi 
OsPbTi 
OjPbTi 
OsPbTi 
OsPbTi 
OjPbTi 
OsPbTi 

582 



PbNbjO.-CdNbsOe 
PbNbjO,-KNbO, 
PbNbsOs-LajOs • SNbsOs 
PbNbsO(-LiNbO, 
PbNbjOj-NaNbOs 

PbNbs05-PbO:SnOs 
PbNb^Os-PbTajO. 
PbNbjjOe-PbTiO, 
PbNbjOe-PbZrO, 

PbNbsOs-RbNbOj 
PbNbsOe-SmsO, • 3NbA 
PbNbjOe-SrNbjOe 
PbNbsO.-Y,0, • 3NbsOs 
PbNb,0.-Bi(Nb-Ti)0. 
PbNb.O.-BaNb,0,-BaTiOs-PbTiO, 

(Pb-Ba-Ca) (Nb-Ta)sOe 
(Pb-Ba-Sr)(Nb-Ta)iiOe 
PbsNbsOj-CdisNb^O, 
Pb(Sci/,Nbi/,)Os-PbHfO, 
Pb SciNb,/,)Os-PbTjO. 
Pb(Scl;sNb^s)0,-PbZrO, 
RbNbO.-PbNbjO. 
SmsOs • 3NbsOs-PbNbsO. 

SrNbsO.-BaNbiO, 

SrNbsO,-KNbO, 

SrNbsO.-NaNbO, 

SrNbsOs-PbNbiOs 

(Sr-Ba-Pb)(Nb-Ta)sOe 

Sr,Nb,0,-Sr,TasO, 

NisTasO,-BaTiO, 

Y^Os • BNbsOs-PbNbsOe 

PbOtSnOj-BaSnO, 
PbO:SnOs-BaTiOs 
PbOtSnOj-PbNbjOs 
PbO:SnO,-PbTiOs 
PbO:SnOs-PbZrO, 
PbO • SnOs-PbHfOs-PbTiO, 
PbO : SnO,-PbTiOs-PbZrO, 
(Pb-Ba)(Sn-Ti)Os 
PbTajO.-PbNbsOs 
PbTajOe-PbZrOs 
PbTa,Oe-SrTaA 
(Pb-Ba-Ca)(Ta-Nb)jO, 
(Pb-Ba-Sr)(Ta-Nb)sO. 
PbTiOj-BaSnO, 
PbTiOs-BaTiO, 
PbTiOj-BaZrO, 
PbTiOs-BiFeO, 
PbTiOj-CaSnOs 
PbTiOj-CaTiO, 
PbTiOj-CaZrOs 
PbTiO,-(Kv,Bivj)TiOs 
PbTiO,-KNbO, 
PbTiOs-LaAlOs 
PbTiOj-LaPeOj 
PbTiOj-LaMnO, 
PbTiO,-(Li^2Ce^«)TiO, 
PbTiOs-(Lii/»Lai/2)Ti05 
PbTiO.-(Li,/«Nd^.)TiO, 
PbTiO.-(NavaBi^s)TiO, 
PbTiO,-(Na^jLai/i!)TiO, 
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5B-10 
5B-11 
5B-12 
5B-11 
lC-e6, 
5B-11 
5B-9 
5B-6 
5B-7 
5B-8. 
10-el2 
5B-11 
5B-12 
5B-4 
5B-12 
5B-14 
lC-fl9 
5B-15 
5B-15 
6B-2 
lC-dl8 
10dl2 
lG-dl4 
5B-11 
5B-12 
5B-3 
5C-b6 
lC-e5 
5B-4 
5B-15 
6B-5 
IC-ell 
5B-12 

lC-a21 

lC-b4 

5B-9 

lC-a30 

lC>-a32 

lC>-f4 

lC-f3 

10-fl8 

5B-6 

lC-el3 

5B-16 

5B-15 

5B-15 

IC-blO 

IC-all 

lC-b9 

1C-C13 

lC-b6 

lG-a8 

lC-b5 

lOdS 

lC-c6 

IG-clO 

1C-C12 

IC^ll 

IC-dS ; 

lG-d6 

lC-d9 

l&-d4 

lC-d7 



V Index of substances 



OjPbTi 

OjPbTi 

OjPbTi 

0,PbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OaPbTi 

OjPbTi 

0,PbTi 

OjPbTi 

OaPbTi 

0,PbTi 

OjPbTi 

0,PbTi 

OjPbTi 

0,PbTi 

OaPbTi 

0,PbTi 

O.PbTi 

0,PbTi 

OjPbTi 

O.PbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OjPbTi 

OjPbZr 

OjPbZr 

OjPbZr 

OgPbZr 

OgPbZr 

OjPbZr 

OjPbZr 

OjPbZr 

OjPbZr 

OjPbZr 

OjPbZr 

OjPbZr 
OjPbZr 
OjPbZr 
OjPbZr 
OjPbZr 
OjPbZr 
O.PbZr 
0,PbZr 
OjPbZr 
OjPbZr 
O.PbZr 
OjPbZr 
0,PbZr 
OjPbZr 
OjSnSr 
OjSnSr 
OjSnSr 
OjSnSr 
OjSnSr 
OeSrTaj 
O.SrTaj 
0,SrjTaj 



Chemical formula 



Nr. 



PbTiOj-NaNbOj 

PbTi03-Pb{Fei/,Ta,/,)0j 

PbTiOj-PbHfOj 

PbTi0,-Pb{Mg,/,W,/3)0, 

PbTi03-Pb(Mni/2Nb,/2)0, 

PbTiOj-PbNbjO, 

PbTi03-PbO:SnOs 

PbTi0,-Pb{Sci/,Nbw3)0. 

PbTiOj-PbZrOa 

PbTiOg-SrSnO, 

PbTiOs-SrTiOj 

PbTiOj-SrZrO, 

PbTi0,-AB0,-PbZrO, 

PbTiOj-BaTiOs-CaTiOj 

PbTiOj-BiFeOj-PbZrO, 

PbTiO,-LaCoOj-LaMnO. 

PbTiOj-LaCrOs-LaMnO. 

PbTi03-LaFe0,-LaMn0. 

PbTiO,-LaFeO,-PbZrO, 

PbTiOj-LaMnOg-LaNiO. 

PbTiOj-LaMnOs-SrTiO, 

PbTiO,-Pb(Fe,/2Nb,/,)0,-PbZr03 

PbTiOj-PbHf 0,-PbO : SnO, 

PbTi0,-Pb(Mg,/3Nb2/3)03-PbZrO3 

PbTiO,-PbO : SnO^-PbZrO, 

PbTiO,-BaTi03-BaNb,0.-PbNb.O. 

(Pb-Ba)(Ti-Sn)03 

(Pb-Ba)(Ti-Zr)03 

Pb(Ti-Zr)0, 

(Pb-Sr)(Ti-Zr)0, 

PbZr03-BaTi03 

PbZrOj-BaZrOa 

PbZrOj-BiFeO, 

PbZrOj-CaZrOa 

PbZrOj-(Ki/,Bi,/3)Zr03 

PbZr03-{Nai/jBii/2)TiO, 

PbZr03-(Na,/,Bi^,)ZrOj 

PbZrOj-NaNbO, 

PbZr03-Pb(Fe,/,Ta,/,)0, 

PbZrOj-PbHfOj 

PbZrOj-PbNbjOg 

PbZrOj-PbO:SnOjj 

PbZr03-Pb(Sc,/3Nbi/3)Oj 

PbZrO,-PbTa,0. 

PbZrOj-PbTiOj 

PbZrOj-SrZrO, 

Pb(Zr-Ti)0, (PZT) 

PbZrO,-ABO,-PbTi03 

PbZrOj-BiFeOj-PbTiOj 

PbZrOj-LaFeO.-PbTiO, 

PbZrOj-Pb(Fei/2Nb^,)Oj-PbTiO, 

PbZrOj-Pb(Mgi/,Nbi,/,)O,-PbTi0, 

PbZrOj-PbO : SnOjj-PbTiOj 

(Pb-Ba)(Zr-Ti)03 

(Pb-Sr)(Zr-Ti)03 

SrSnO.-BaSnO, 

SrSn03-BiFe03 

SrSnOj-CaSnOj 

SrSnOj-PbTiOa 

SrSn03-BaSn03-CaSn03 

SrTajO.-PbTajOs 

(Sr-Ba-Pb) (Ta-Nbj^Og 

SrjTajOj-CaaTajO, 



1C-C3 

IC-dll 

lC-a29 

IC-dlO 

lC-dl3 

5B-7 

lC-a30 

lC-dl2 

lC-a27 

lC-b8 

IC-alO 

lC-b7 

lC-f9 

lC-f2 

lC-f6 

IC-fll 

IC-fll 

IC-fll 

lC-f5 

IC-fll 

IC-flO 

lC-f8 

lC-f4 

lC-f7 

lC-f3 

lC-fl9 

lC-fl8 

lC-fl7 

lC-a28 

lC-fl6 

lC-b3 

lC-al5 

1C-C14 

l&-al3 

lC-dl7 

lC-d21 

lC-dl6 

1C-C4 

lC-dl5 

lC-a31 

5B-8, 

lC-el2 

lC-a32 

lC-dl4 

lC-el3 

lC-a27 

lC-al4 

lC-a28 

lC-f9 

lC-f6 

lC-f5 

lC-f8 

lC-f7 

lC-f3 

lC-fl7 

lC-fl6 

lC-a20 

1C-C15 

lC-al9 

lObS 

lC-fl3 

5B-16 

5B-15 

6B-6 



Futuhata/Makita 
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V Substanzenverzeichnis 



OjSr^Ta. 
O.SrTi 
O.SrTi 
O.SrTi 
O.SrTi 
O.SrTi 
O.SrTi 
O.SrTi 
I O.SrTi 
O.SrTi 
O.SrTi 
O.SrZr 
O.SrZr 
O.SrZr 

PZT 

I SnTe 



Chemical formula 



Sr5sTa.O,-Sr.Nb.O, 

SrTiO.-BaTiO. 

SrTiO.-BiFeO. 

SrTiO.-Bi,0. • 3TiO. 

SrTiO.-CaTiO. 

SrTiO.-PbTiO, 

SrTiO,-Sr(Fe./.Ta,/,)0. 

SrTiO.-BaTiO.-CaTiO. 

SrTiO.-LaMnO.-PbTi03 

SrTiO.-BaTiO.-LalnO.-LaYO. 

(Sr-Pb)(Ti-Zr)0, ' 

SrZrO.-PbTiO. 

SrZrO.-PbZiO, 

{Sr-Pb)(Zr-Ti)0. 

Pb(Zr-Ti)0. 



Nr. 


Page 


6B-5 


106 


lC-a9 




lC-c7 


8^ 


lC-e8 


86 


10-a6 


74 


IC-alO 


75 


IC-dl 


84 


IC-fl 


87 


IC-flO 


87 
88 


lC-fl2 


lC-fl6 


88 


IC-hl 


82 


lC-al4 


76 


lC-fl6 


88 


lC-a28 


78 


36-3 


214 
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n 7 Layer-structure oxides Figures p. 37Sff. 



7 Layer-structure oxides 






7A Pure compounds of simple type 




Nf.7A-l BijTiNbO, 






la 


Dielectric anomaly associated with a phase transition was reported by Isuailzade in 
1960. 


601 1 


b 




11 


I 






state 




pa) 






crystal system 


orthorhombic'") 


tetragonaI») 


^)62St7 




space group 


Fmm2-C}| 


I4/mmm-DJS 






©* 


900 •• 


950 °C»} 






e = 6.4 • 10» kg m-». 

a = 5.40 A, 6 = 5.44 A, c = 25.1 A at RT. 


62S17 


4 


Temperatnre dependence of lattice parameters: Fig. 868. 
linear thermal expansion: Fig. 869. 




5a 


Dielectric constant: Fig. 870. 
X « 100 at RT. 

The dielectric constant was not measured in the vicinity of the transition point be- 
cause of high conductivity. Extrapolation of the Cune temperatures of the solid 
solution sjrstem obtained by the dielectric measurements indicates a transition tem- 
perature between 900° and 950 °C for Bi,TiNbO,. 


61S11 


Nr. 7A.2 BijTiTaO, 








la 


Phase transition similar to tliat of Bi,TiNbO, was reported by Subbarao in 196Z 


62S17 


b 




II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 






space group 


Fmm2-C{' 


14/mmm-DjJ 






e 


870 °C 






e = 8.5 • 10' kg 
a = 5.39 A. bla 


= 1.007. c = 25.1 A at RT. 




4 


linear thermal 


sxpansion: see Fig. 869. 




5a 


Dielectric constant: x « 140 at RT. 


62S17 


Nr.7A-3 CaBi,Nb,0, 






la 


Dielectric anomaly associated wi 
in 1960. 


th a phase transition was discovered by Ismailzadb 


6011 


b 




II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 






space group 


Fmm2-CJ« 


I4/mmm-DJJ 






e 


625 °C 


6011 




e = 5.0 -10' kg 
0 =5.39 A, 6/a 


= 1.006, c = 25.15 A at RT. 




4 


Temperature de] 


sendence of lattice parameters: Tab. 104. 




5a 


Dielectric constant: Fig. 871. » 


« 80 at RT. 


62S17 


• According to 1601 f] 6 is 600 ••• 650 "C 







Fnnibata 




II 7 Layer-structure oxides Figures p. 376ff. 



Nr. 7A-6 STBi,Ta,0, 


la 


Ferroelectricity in SrBi,Ta,0, 


was reported by Smolensioi in 1961. 


61S11 


b 




II 


1 I 


61511 




state 


F 


P 






crystal system 


orthorhombic 


1 tetragonal 






e 


310 -C 






e = 7.5-10»kgm-». 

a = 5.512 A. b/a = 1.000, c = 25.00 A at RT. 


61S11 
62S1S 


5a 


Dielectric constant: Fig. 874. x cti 180 at RT. 
X = C/{T - ©J, C = 2.0 • 10« °C, 0p = 190 "C. 


62S17 




Spontaneous polarization: P, = 5.8 • 10-* C m-» at 25 °C. 


62S17 


7a 


Piezoelectric constant: (ij, = 2.3 • 10-" C N-». 


62S17 


Nf.7A-7 BaBi^O, 






la 


Dielectric anom 
in 1961. 


aly associated with a phase transition was discovered by Smolbnskii 


61S11 


b 




II 


1 I 






state 


1 P 






crystal system 


orthorhombic 


1 tetragonal 






e 

Q = 6.3 -lO'^ 
a = 5.554 A, 6/ 


210 °C 
200») "C 

. = 1.000, c = 25.60 A at RT. 


'■)62S17 
62S15 


5a 


Dielectric const 


mt: Fig. 875. x 


= 280 at RT. 


62S17 


Nf.7A-8 BaBijTaaO 








la 


Dielectric anomaly associated with a phase transition was discovered by Smolensmi 
in 1961. 


61S11 


b 




II 


I 






state 




P 






crystal system 


orthorhombic 


tetragonal 


61S11 




& 

According to [61 
e = 8.4 - 10» kg 
a = 5.556 A, bja 


110») -c 
S//]©is70°C. 

= i.OOO, c = 25.50 A at RT. 


62S15 


5a 


Dielectric consta 


nt: Fig. 876. « 


= 400 at RT. 


62S17 


Nr.7A-9 PbBiiNbiO, 






la 


Dielectric anomaly associated -with a phase transition in PbBi-Nb,0, was reported 
by SMOLBNSKn in 1959. 


59S8 


b 


phase 


II 


I 






state 




P 






crystal system 


orthorhombic 


tetraigonal 


59S8 




e 

e = 7.6 • 10» kg 
a = 5.488 A, bja 


526 °C 
550») "C 

= 1.002, c = 25.55 A at RT. 


0)6131} 
62S15 


3 


Crystal stmcture: Fig. 877. 




4 


Temperature dep 


lendence of lattice parameters: Fig. 878. 




5a 


Dielectric constant: Fig. 879. x = 170 at RT. 

X = c/(r - Sp), c = 1.3 • io» 'K. e, = 510 "c. 


62S17 


7a 


Piezoelectric constant: <i„ = 1.5 


• 10-"CN-^ 


62S17 



Fatnhata/Nomura/Na^mura ]09 



Figuren S. 377ff. 



II 7 Oxide mit Schichtstruktur 



Nt. 7A-10 PbBijTasO, 



F^electricity wasreportedby Subbarao.) and Smoi^nskh^) independently i. 196^. 



I 



crystal system |_orthorfao mbic [ tetrag onal 
430 °C 

Q =9.0- 10»kgm-». 
" SA96k,b/a = 1.000. g 



, . = 25.40 A a 

constant: Kg. 880. « = 180 at RT. 

= c/[T - c = 3.7 • io« °c. = 325 °c. 

Piezoelectric constant: d„ = 5 ■ iQ-ia c N-». 
Nt.7A-ll Bi,Ti,0„ 



61S15 
61S11 

62S15 

62S17 



Fenoelectridty in Bi.Ti,0„ was reported by Van Uitbrt et all 
phase TT 



state 


F 


P 


crystal system 


monodinic")* 
(pseudo-orthorhombic) 


tetragonal 



I 675 "C 

P%^f^^^ crystallographic axes: Fig. 881. 



61V2 
')67C6 



agstalgrowtn:u)olmgmethodfrommeltconsistingof lDOBi.o;a nd 5 TiO, (weight 



stmetmre: Fig. 882. 

r^':'^^^ dependence of lattice parameter: Kg. f 
Xnermal expansion: Fig, 884. ^ 



Dielectric constant: Fig. 885. 

the psendo-orthorho^bic 

Piezoelectric constant: = 2.0 • 10-" C. K-i 



Condactivity: i 



Domain structure: see 

Donuiins have been observed by polarized light 
" ■■ ' ■ 888. 889. 

892. Tab. 105 and: 



See also 
Twini 



66P6 
64P} 



Nt.7A.12 BaBi,T i^bO„ 

^-«'=anornalyassodatedwithaphasetransitionwasreportedbyST;BBA.Aoinl961. 



state 




crystal system 


pseudo-tetragonal 



tetragonal 



3.874A, <:=33.70AatET. 
Nr. 7A-U PbBijTiaNbOu 



laJWelectricanomalyassociatedwithap^ 



II 7 Layer-structure oxides Figures p. 379 



la 


Dielectric anomaly associated with a phase tr 
SuBBARAO") and by Smolenski:") in 1961. 
dependently by Fang et al. in 1961"). 


ansition was reported independentlv by 
Ferroelectric activity was reported in- 


')61F7 


b 




II 


I 








F 


P 


61F7 




crystal system 


orthorhombic 
(or pseudo-orthorhombic) 


tetragonal 






e 


375 "C 
395«) °C 


')6iS1S 




e = 5.7- 10»kgni-». 

a = 5.461 A, 6/a = 1.000, c = 41.85 A at RT. 


62S15 


3 


Crystal structure: Fig. 890. 




5a 


Dielectric constant: Fig. 891. x = 150 at RT. 
X = C/(r - ©p), C = 2.5 • 10^ 'K, ©p = 335 "C. 


61S1S 


7a 


Piezoelectric cot 


istant: 0^^=2.3- 10"" C N- 




62S17 


14b 


Switching: Fig. 


892; Tab. 105. 







crystal system pseudo-tetragonal tetragonal 
© I 290 'C 

a = 3.687 A, c = 33.55 A at RT. 
Nr.7A-14 BaBi«Ti,0„ 



61S15 
61S15 





BaTiO, 


BitTijOu 


BaBi^Ti^Ois 


Ba,Bi«Ti,0„ 






6.1 


41 


23 


76 


10« Vm-i 


too 


0.4 


io-» 


1.5 


io-« 


usee 



Nf.7A-15 PbBi^Ti^Ois 



Dielectric anomaly associated with a phase transition was reported by Si 



J = 6.6 • 10-» kg m-^. 
8 ^5.437 A, 6/a = 1.000. 



570 -C 

= 41.35 A at RT. 



Piezoelectric constant: d„ = 
Nr.7A-16 SiRuTuOa 



Dielectric anomaly associated with a phase transitic 



sported by Subbarao in 1961 . 



= 5.2- 10»kgm-». 
= 5.428 A, fc/g -- 1.000, c - 40.95 A at RT. 



Dielectric constant: Fig. 894. x = 190 at RT. 
X = C/(r - ©p). C = 0.68 • 10» °C. ©p = 485 °C. 



Piezodectric constant: rf„ = 1.5 • 10-" C N"' 



II 7 Layer-structure oxides 



Figures p. 31 



Dielectric constant: Fig. 899. x = 400 at RT. 
X = C/(r - Sp), C = 4.1 • 10» °K, 0p = 280 "C. 
Spontaneous polarization: P, = 6 • 10~* C m~* at 235 °C. 



62S17 
62S17 



Kezoelectric constant: rf„ = 2.5 • ID"" C N"'. 
7A-21 SfjBi.Ti50u 



Ferroelectric activity in Sr»Bi«Ti,Ojg was observed by Subbarao ii 



62S17 
62S15 



Dielectric constant: Fig. 900. » = 280 at ET. 

X = c/(r - e,). c = 0.47 • los °k. ©p = 255 "c. 

Spontaneous polarization: P. = 3.5 • 10-* C m"' at 255 °C. 



62S17 
62S17 



Piezoelectric constant: d„ 
Nr.7A-22 Bi,Ti«0„ 





III 


II 


I 


crystal system 


monodinic 


monodinic 




space group 


ca/c-q^ 


C2/m-QS 





Dielectric anomaly associated with a phase transition was observed in BijTijOi, by 
SoBBAiiAO in 1962. 



250») 1200") 
e = (6.12 ±0.02) -lO'kgm-'. 

a = (14.612 ± 0.006 )A. b = (3.799 ± 0.004) A, c = (14.946 ± 0.006) A, 
^ = (93.13 ± 0.01)° at RT. 



62S16 
65J4 



•)62S16 

65J4 

65J4 



Crystal structure: Z = 2 in phase II. Z ^Ain. phase m. Fig. 901. 902; Tab. 107. 



Thermal expansion: Fig. 903. 



Dielectric constant: Fig. 904. 

No hysteresis loops conld be obtained between 25 °C and 290 °C. 

Tab. 107. Bi^TijOi,. Atomic parameters at RT [65 J4'\ 







y 






0.0 


0.262 


± 0.012 


0.250 


i 


0.1828 ± 0.0024 


0.246 


± 0.007 


0.2207 ± 0.0024 




0.1408 ± 0.0024 


0.256 


± 0.007 


0.0338 ± 0.0024 




0.0814 ± 0.0024 


0.760 


±0.007 


0.1259 ± 0.0024 




0.2662 ± 0.0024 


0.747 


± 0.007 


0.0880 ± 0.0024 


0(6) 


0.0546 ± 0.0024 


0.770 


±0.007 


0.9221 ± 0.0024 




0.0530 ± 0.0006 


0.250 


± 0.002 


0.1406 ± 0.0006 




0.1461 ± 0.0006 


0.759 


±0.002 


0.0162 ± 0.0006 


Bi 


0.3211 ± 0.00015 


0.1747 ± 0.0005 


0.1798 ± 0.00015 



. Coordinates and standard deviations in cell fractions. 



7B Complex compounds and solid solutions 

Nr. 7B-1 Bis_,Mei+Tii_:^b,+,0, (Me»+ = Ba, St, Pb) 



Nr. 7B-2 Bi4_;,Mei+Ti,-^b,0„ (Me»+ = Ba, Sr, Pb) 



[ Dielectric constant: Fig, 907. 



Dielectric constant: Fig. 910. 



it ceU ot phase II has about lialf the volume of the unit cell of phase II 





• 






• 




Fig 


oren S. 382 ff. 


II 7 0 
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l^^ctric anomaly associated with a phase transition was reported by Subbarao in 
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Dielectric constant: Fig. 911. x 
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5 1 Dielectric constant: Fig. 914. 


Nr.7B-6 (l-3s)Bi«TijOu - acBaTiO, 




5 1 Transition temperature: Fig. 915. 


Nr.7B-7 Bi.^^b,_,Ti4_,Ga,Ou 
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Another formula for this solid solution is (1 — *)PbBi,Ti,Oi5 • ^BitTi-GaOi.. Prop- 
erties of this solid solution were studied by Subbarao in 1962. 
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Mixed bismuth oirides with layer lattices 
L The structure type of CaNbaBizOj 

By Bengt AtnBrmutJS 

With 8 figures in the text 

i In the course of a comprehensive investigation of mixed bismuti oxidM 
the a^m%i.03-TiO, y^L studied. At about 40 atomic %^ of ^0«__%P^«| 
^Stii TbSly-cLitered pseudo-tetragonal unit ceU with a = 3.84 and c = 32.8 A 
^r^foTmd ^ay lillysi^ (to be published later) seemed to show tiiat the 
CoSre was\^t ^Tl^i^^i^ layers paralell to ^^f^ Jf^ J 
of composition Bi2Ti3(^. The atomic arrangement ^«nntlie BiaTigOao sMete 
^ ieS Cbe the saLe as iu structiires of the ^wskite t^and the stiuctoie 
tSn be described as consisting of Bi,(^ layers between which double 

•.a"ttJ:m';i was'^hS^'^e to synthesize compo^ds where tiie Bi.O^ lay^ 
' altt^ateSriSle perowskite layers. general fomnk for such componnds 
...S be^eS to be: (M.eBi)^A3. ^ lf^^^^^%,'t 
^ Btnicture cotdd be prepared witii Me: Na K Ca Ba Sr Pb R. Ti A*- 
• "^S^e: Weighed"^ amounts of the appropriate .^^^^^^^^^ 
•: mixed and heated in platinum, or gold orudbles to about 1000 0. A numDW 
T^m^mir^th tL general formula (Bi Me)eEa0.8 were PXten^' 

of t?ese%he foEowing were found to have a b'>dy-<^^^^J«^f°^^ 
V tetragonal "unit ceU. The real unit cells, however, appeared to be face-centerea 

orthorhombio. 
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BisNbTiOs 

BisTaTiOs 

CaBitKbiOs .... 


6.405 
6.402 
5.436 


6.442 
5.436 
6.486 
5.504 
6.609 
6.533 
6.503 
6.606 
6.47 


25.11 
25.16 
24.87 
28.05 
25.06 
25.66 


3.836 
3.832 
3.860 
3.892 


25.11 
25.16 
24.87 
26.06 


SrEigNbiOt .... 


6.604 
6.509 


8.896 


25.06 


SrBi«TaiOo . . • • 


3.912 


26.66 


BaBigNbaO 

PbEisNbsO, .... 
KBigNb^Oig .... 
NaBigNb^Oig. • • • 


6.633 
6.492 
6.606 
5.47 


26.53 
26.26 
26.94 


3.887 • 

8.893 

8.87 


26.63 
25.26 
26.94 
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B. AxrarrajJire, Mixed bismuth oxides with layer latticus 

Single crystals were prepared from the PbBiaNbjO, and BigNbTiOs phases, 
wSbeST^tographi <rf Okl and Ihl (pseudo-tet«jgon^ (^U) were taken. 

p^d^ photoiapha of BisNbm (Table 6aJ tie refleofaons 1 1 0 211-^^ 
215 220 and 310 were dearly split up. No cleavage was fopd for the..;^^-: 
reflections lOi, 20Z, and 30?, (in all cases pseudo-tet^nd indices). From|vm 
tliis it was concluded that the structure nught be de8ciib.ed by "^eans of 
orthorhombic unit cells, having the same c a:KS as t^ pseudo-tetragonal cells,.^^; 
and a and 6 axes equal to the diagonals of tj^e pseudo-tetragonal f^-^^^X-l 
orthorhombic units the Weissenbetg photographs regist^ AAi ^nd ^+3^-^% 1 
In Table 6 a the sin" ^ of BiaNbTiOs are calculated on the assumption of a^^CW; 
orthorhombic unit cell. . .,• ^ .-l 4.„ „ x j - -i^. 'i 

A few discrepancies occur between the mtensities of the spots as found : 
the Weissenberg photographs (first layer) and in the powder photographs. In 
Z wSSbS photo& {h,h + 2. 1), no difference was f ound beW^ reflec.>^ ;^ 
tions hhl and khl Prom the powder photographs it is seen that 024 nught/«fm.^ 
204 tiit 3?1 < 131 and -3 1 1 1< 1 3 11. The reason might be^jf. 
the orientation of the powder. ^g^i L'.:. 

PbBWsO, phase | 

The powder photographs of PbBi,Nb,p, (Table 6 b) could be flamed aj,f| ' 
anming V tetragonal cell with a = 3.887 A and c = 25.63 A, butjor two 
Elplit ip7which indicated an. orthorhombic unit cdl with axes o == 5.492^p ^ 
A^W3 and c = 25.53 A. As in BiaNbTiO,, it was thus ^ed that the^f^ - 
real s^etry is D^-mmm, though nothing in the Weissenberg photograp^;^^ 
SSca^ bwer Laue symmetry than ^^^"^ ^'"^"^ ''"^ 

7 fli tVina allowiiu; 4 formula units/umt ceU {deoxt. = o.//J. _ Xp^.s 

WiTS^rSticm of the criteriSTfor face-centering that hkl oc<;jrm^^ 
wi^ A. *. i all odd or aU even, no g^tic ^ctions were fomid. Thisis^^ , . 
characteristic of the space groups Djyi, Dj and CS- v?^'. . 

Posilions of the metal atoms 

As th« scattering factors for the Pb and the Bi atoms «e ^^>$J^^^ ^ 
it makes no difference in the intensity calculations ^^^^^^f f^^^iSJ^^^I 
Bi atoms occupy separate positions ^ ^^?^^.^\^ZkIo^l7uM^ 
difference will be made between Pb and Bi; they will both be d^otea cy aie..,.>, 
^rSt^tiL oTthe reflections seemed to depend f^^^ "V^^^f^^^'^^Jj ' 
fsee Table la). It therefore seemed probable that at least the Me ^d the m 
ito^^ p&d along the lines: (000; iJO; ^Oi; 0* J) + 00.. Thesumo ^ 
2loo, cos2«iz and^Ini cos2«Z. will under such conditions represent the 

Patterson function alorlg 00.. ^ Kg la these sums «f « J^^J^^ ^ J^o"^^^ ' 
of z. It is seen from the graph that high maxima occur for 2-0.40 ana 

' ceU Of PbBiaNbA contains l2Me atoms^d 8 ^ ator^. 

If the space groups are assumed to be Dg, Dl or^<f,_f ^J^^ "Ji 

of plaSig 12 Me atoms on the lines 00. is in one 4-fold and one 8-fold pcsi 
tion. TOi these assumptions the only 4-fold positions possible are 000 or 00^-^ 
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TahU la 

Weiasenberg Photographs of PhBiaNbgOg. Cu radiation 

Tha ciystala form very thin plates, and therefore considerable absorption ocoars. Spots 
in ti»e vicinity of the lines described by "Wsixs (2) will therefore be weakened. The regions 
of ma TriniwTti absorption are denoted by dotted lines. la the tables 1, 2 and 3 psendo- 
tetiagonal indices are used, and observed and calculated intensities for the reSeotions: 0 Ot, 
JOI, 11^ 201, and 2 1 i are given. With orthorhombio desorqrtiQn these reflections would 
have been denoted by: OOJ, 02i or 201, 221, 18Z or 81J. 
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I. ATJBrmJUtus, Mixed bismuth oxides wiA layer lattices 

TaOe lb ■ 
Weissenbeecg Photograplis of ^bBisNbgOs 
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Figaie la. Patterson fonction of PbvaBiiNbiOt along 00 z 

ff: Full carve: ^ ^001 SrtJs 
,^ ii I ' 

^^^r I*"****! 0''"'®= ^Iiii ooa iiclz (orfiborhoznbio indices). 




lifgure lb, Patterson fanotion of Bi,NbTiO, along 00c- 

Of 8-fold positioiis only + OO2 is possible. 
It -was asstxiuecl arbitraiiljr tlxat i Me oocapy the position 000. 
Using the distances foond -with the aid of the Patterson function, two pos- 
sibilities foi placing the Kb atoms arose: 



1. 8 Nb in ± 00 0.2( 

2. 8 Nb in + 00 0.4( 



4 Me in 000 
4 Me in 000 



8 Me in ±00 0.40 
8 Me in + 00 0.20 



The two curves on the graph were added and the areas under the peaks at 
0.20 and 0.40 calculated. The ratio 1.5 : 1 was found for 0.20/0.40. 

In case 1, tiie ratio was calculated to be 0.91 : 1 and in case 2, 1.1 : 1 if 
the ratio ftnlfa was assumed to be 0.46. . These figures cannot be compared 
directly with the observed ratio 1.5 : 1 since the zero level in figure 1 is of 
couise Tmoeitain. Ctise 2 agrees slightly better ioBofar as the pealc at 0.20 is 
actually higher. It seemed, however, that the. micertainty in determimng the 
areas was so large that case 1 could not be excluded by these measurements 
alone. 

467 
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B. ATTRmutJiis, Mixed bismuA oxides with layer lattices 
Case 1 

In calcxilatiiig tlie structure amplitudes 'was varied around 0.20 and Zy^^ 
around 0.40. Tte average ratio Mfi^ was assumed to be 0.46. The intenaties 
were compared with calculated values of A«: |j] 
4 = 10 (cos 2 nrZzMe + 0.46 cos inlz^ + 0.5) = 10 F/i U. In tbs way the^rsl 
best values for the parameters were found to be: 

2m9 = 0.397 ± 0.002 and = 0.192 ± 0.004. In Table 1 a W is compared. 
with the observed intensities, 
i .' Case 2 

zjn was varied about 0.40 and ««« around 0.20. The best values were found 
to be = 0.412 ± 0.004 and 2^, = 0.202 ± 0.002 ^ ^, ' 
The observed and calculated values are compared m Table la. 
It was found that arrangement 2 accounted slightly better for the expen- - = 
mental data than 1. It must, however, be borne in mand that the mtensity :| 
ratios of weak spots might be changed through the influence U the oxygen ^= 
atoms and that this influence was neglected in the calculations. The differences ^, 
did not seem to be as large as to allow a decision between 1 and 2. It 
therefore tried to find possible oxygen poations both for 1 and 2. The results ' ■ 
were then compared. 

" Case 1. Positions of ihe oxygen atoms P 

S - The positions of the metal atoms were assumed to (000' 

4iO) +^0 (4 Me,) ±0 0 0.397 (8 Me,) ± 0 0 0.192 (8 Nb). Smce all pomt , 
It^ • ' jSons of jk can te described by positions of Dl or a. only Dl and a .• 

I ^fSS T^^Ai be discussed. If the interatomic distances 0-0, ^ 

and Zuld not be smaller than 2.5, 2.2 and 1.8 L oxygen atoms could 

only be situated in the following positions: 

t 4(6)001 4(c)iii 4(5) Hi 8(ff)±00z 

o rx 1 1 z. 4. i 1-2 0.086 ^ « ^ 0.122 

I: 0.039^N^0.061 0.262^z^0.311 

. 0.148 ^ \z\ ^ 0.201 

8(i) ivi; H-»i 8(3) xii; i-xii 
?:! y = 0 « = 0 

An attempt was made to find positions for the oxy^n at^n^^vrngap^ 
ptoximatdy regular octahedra aromid Nb. smce ficom ^o^*^^^' 
Lntebing Nb^+ a^dO'^- thisfleemedtobethenoimalconfiguxataonNb«'^-0« • 
The maximum distance of contact Nb-0 was assunied to be 2.5 A. 
With these assumptions 8(ff) and 8(A) are the only positions where oxygen 
■;■ atoms in contact with Nb can be situated. . ,. ^ 

mik oxygen atoms in three 8-fold positions 8^ tte aistances 0-0 woold 
be^ sS It then oily remains to consider the ca^ 
in two 8-fold portions S{g) and two 8 fold positions 8(A). Tor the oxygen 
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).20 and z^y^ \ 
ae intensities V^m 
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is compared 'M • 
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: the experr- .^j^ ; 
bhe inten£iit7- ;. j ; 
] the oxygenj-^j; 
le differences v 
d 2. It yii&':<^ 
The results ^ 



atoms in contact with Nb, reasonable interatomic distances were obtained as- 
snming: 8 .Og in 8(ff) 2a = 0.100 8 O3 in 8 [g) 23 = 0.264 8 O4 in 8(A) Z4 = 0.168 
•. 8 Os in 8(A) Z5 = — 0.168. Even it small adjustments of these parameters are 
admitted for the remAining 4 0 there is room only in the position 00 i (Oj). 
With these assmnptions the distances would be: 



Mei-4 Oi = 2.76 
Mej-2 08 = 2.55 

O4-4 06 = 2.74 
O3-2 04 = 2.60 
Os-2 08 = 2.60 
O1-2 08 = 2.55 



Meg -4 08 2.75 
Meg -2 O42.55 
Mea-2 Os2.55 



Nb- 03 = 2.34 
Nb-2O4 = 2.04 
Nb- ©6 = 2.04 
Nb- 03 = 1.84 



It is seen that the positions given might equally well be described by I^ 
or if the pseudo-tetragonal unit cell (a = 3.89 c = 28.53 A) is cbosen by DS. 

As a ~ ( and the podtioiis of the oxygen atc»ns must be ohoeen from space considerations, 
the disoQBsion -will be the same for C^a »> C^»- ^a. it ia ioxmA. ti^^t the oxygen 
atoms can be only in the idanes y = 0 y = 0.26 ± 0.03 » = ^ and y = 0.76 ± 0.03. For 
y = 0 or i, z must either be 0 or i or lie between the limits 0.049 < \z\ < 0.451, otherwise 
the distance 0—0 will be < 2.5 A. For y = i or f, a miist hare the vahies 0, J, ^ or J- 
or lie between the limits 0.049 < H < 0.201 0.299 < H < 0.451. 

In figure 2 a seotiona of the unit cell are made far y = 0 and y = J. Possible regions 
wiiOi space groxrp (^a are denoted in the figure by shaded areas. For these areas the distanoea 
0-0 ^ 2.6 . Me- 0 ^ 2.2 and Nb— 0 ^ 1.8 1. 

Wili Space group CSo it thus seems that no basically new atomic positions 
are obtained, althougb this symmetry allows the atoms to be slightly shifted 
from the positions of Da- 

In Table 1 the intensities have been calculated from the parameters found 
and compared with the observed ones. (The calc. intensities are denoted by li). 
The mode of calctilation is shown by the calculation of looi- I = A*. 

A = 1 0 (0.6 + cos 2 jr Z «Me + _(/W/m») cos 2 nUvh + (/o//Me) (0.5 + cos 2 re i + 
+ cos 2 jcZzj + 2 cos 2 rtZzi). Since the ratios /m/ZMa and /o//m« vary with sin 
BlX they were interpolated from values given in the /rrfemaiwnol T<Mes (1). 

Case 2. Positions of the oxygen atom^ 

The positions of the metal atoms were assumed to be: (0 0 0; i J 0; 0 ii; i 0 i) + 
+ 000 (4Mei) ± 0 0 0.202 (8 Meg) ±00 0.412 (8Nb). 
With Da the following positions are available for the oxygen atoms 4(6) 00 ^ 



8(g) ±00» 
0.086 0.116 
0.288<z< 0.342 

4(c) iii mii% 



0.039 ^ H ^ 0.161 

16 (A) xyz, xyz, xyi, SyB 
x = 0 x = 0.25 ±0.03 
y = 0.25 + OS or y = 0 
z ~ 0.135. 



469 



FEB. 22. 2005 10:43AM Mall IN FOG ATE- IE INFO EXPRESS 



B. ATmrm-uus, Mixed bismuth oxides with layer lattices 



N0.4215W. 9/19 



xT 




Figure 2 a (see Case 1 in fihe text.) 
The projection of the jxMitions of the Nb, Mej and He« atoms on the plaaws y=Q and^r 
y = i ate denoted bys black otzcles, -vrfiite oirolea and double oircles reapeotively. " 





In Table 
calcula- 
H^ame aa wj 
jyja which oaj 
ij^ell for ^ 
and I2, "V 
' -jathough tl 
.■described bj 
-(see for iost 
L#-'-.107:109). 1 
' y^pbBiisNbOs 



Figure 2 b (see Case 2 in the text.) 



jTiBt as i 
.... t;rto indicate 
.:^^f graphs (Tab 

It was found that oxygen atoms in the positions 4 (c), i (d) or 16 (k) ooxHi/^ v>: ijij^g 
not be part of an octahedron aroxind Nb. With 0 in the rem aining positions i^-l -r^j^g ^etal a 
4(6), 8{g) and 8(A), octahedra around Nb might be achieved in the following: ' (jig ib) s 
ways: (1.8 :< Nb-0 ^ 2.5). , . '41 ; are made a» 

With oxygen atoms in three 8-fold positions 8 (A), it seemed mipossible to "j^^ 
find positions for the remaining 12 oxygen atoms giving 0-0 distances <, 2.5 A.;^ 

With two 8-fold positions 8 (A) 4 (6) -H one 8-fold position 8(0) the following ~ 
positions were assumed for oxygen atoms m contact with Nb: ^J-^ ' 

4 Oi in 4(6) 8 O2 in 8(17) z = 0.324 "^j 
8 O3 in 8 (A) 2 = 0.088 8 O4 in 8 (A) z = -0.088. 
For the remaining 8 oxygen atoms there was only room in the positions 4(c) 
and 4(5). (O5, Og), ^-^ 



With the above assumptions the distances would be: 



4 Nb 
8 Bi: 



Mei- 


4 Oi- 


2.75 


Mei- 


403 = 


2.96 


Mei- 


4 0.= 


2.96 


O5- 


4 06 = 


2.75 


Og- 


4 0* = 


2.75 



Mea-2 05 = 2.2 
Me2-2 06 = 2.2 
Mea-4 Oa = 2.8 



Nb- Oa = 2.24 
Nb-2 03 = 1.94 
Nb~2 04 = 1.94 
Nb- 02 = 2.24 
Oa-2 Oa = 2.96 
Oj_2 04 = 2.96 



Oa-2 06 = 2.70 
Oj-2 06 = 2.70 
0^-4 03 = 2.96 
O1-4 04 = 2.96 

The above positions might be equally well deeoribed by or if a pseudo- 
tetragonsd unit cell is assumed (a = 3.89 c = 25.53) by Dih. 
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5f,In Kgnre 2b sections ate made of the tmit cell for y = 0 tmd y = J showing the posi- 
9 possible for the oxygen atoms if the space group C^a is assameid. Passible regions 
g denoted by shaded areas. It was found that only with oxygen atoms sitaated near the 
^tions given abore, could ootahedra of 0 around all Nb atoms and reasonable distances 
) be attained. 

■; Thus no new arrangements were found when space group C^a was assumed. 
In Table 1 the intensities are calculated from the parameters given above, 
calculated intensities are denoted by I2. The mode of calculation is the 
as was used in case 1. It is seen from the Table that both 1 and 2, 
^which cases the influence of the oxygen atoms was neglected, account fairly 
^11 for the experimental data. From this follows that the calculated intensities 
^ and la, where regard was taken to the 0 atoms, do jaot differ much either. 
?^tihougih the ratio 211 : 213 (see Table 1 (pseudo-tetragonal indices)) is best 
sj^ggoribed by l', 2' on the whole seemed to satisfy the observed intensities best 
for instance the intensity ratios 112 : 114 116 : 118 202 : 204 101 : 103 and 
Hjj.i37 : 109), No definite conolusions- could however be drawn from the study of 
fbBiaNbOa alone. 

Just as for PbBiaNb209, there was nothing in the "Weissenberg photographs 
^^to indicate a -lower Laue symmetry than D4ft-4/mmwi. From the powder photo- 
"%aphs (Table 6 a) it is however seen that the actual unit cell is ortborhombic 
Sith axes a = 5.406 6 = 5.442 c = 25.11 A. 

The intensities of the spots in th.e Weissenberg photographs indicate that 
.^.the metal atoms are probably placed on the lines 00 z. The Patterson function 
lb) showed high maxima at 0.20 and 0.40. If the same assumptions 
;-/are made as for FbBi2Nb20e the following arrangements seemed to be possible : 



A. 4 Nb in 000 
8 BiTi in ± OO21 
8 BiTi in + OO^a 
Ca 4 Bi in 000 
8 NbTi in±00z8 
8 Bi in ± 0 0 zi 



B. 4 Ti in 000 
8 BiNb in± 00«i 
8 BiNb in ± OOzg 

Zi ~ 0.20 



Ci 4 Bi in 0 0 0 
8 NbTi in ± 0 0«i 
8 Bi in± 0 0«a 

Za~0.40 



The areas under the peaks at 0.20 and 0.40 were calculated as for PbBisNbgO^ 
and the ratio 0.20/0.40 was found to be 1.4. The calculated ratios for A, B, 
Ci and C2 were 1.0, 1.0, 0.84 and 1.2. The area ratio for C2 agreed best with 
the observed one. The differences are however small, so that aU alternatives 
were considered. The intensities were calculated as for PbBiaNbjOs. The ratios 
-U-aJfmib, /W/mti aud /nkr/Zbi assumed to be 0.26, 0.57 and 0.34. The 

calculated and observed intensities for A and B are compared in Table 2. In 
these calculations the influence of the oxygen atoms was neglected. The best 
agreement was found for 



2l 

A 0.198 
B 0.196 



0.400 
0.400 



I 
I 

■ri 

1 
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TabU 2 

Weiasenberg photographs of. BigNbTiOo. 
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From Table 2 it is seen that A aiid B account quite well for the observed 
intensities. 

With A and B, Bi and Ti or Bi and Nb would occupy the same pomt - 
position. This seemed a priori unlikely and if it was assumed that Bi3ljn)liO, ,v.,f 
and PbBiaNbaOs were built up in the same way, arrangements A and B would: ^ 
imply that Pb, Bi and Nb were distributed over one point position, in 
PbBisNbgOa. Theiefore, although arrangements A and B cannot be exdud^ 
from intensity discussions alone, they seem very improbable and will not be 
dealt with in the following. 



One half 
jiotes tiie 



The f< 
8 NbTi 3 
following 



In Tal 
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3served..?S 

\ would : 

don, in. >'! 
act be -^"^ 

Is ; 



# Bi •NbTf O 0 

Figure 3. 

P«™ ' p^^^te staracture BiNbOjTio.60,. 

: Case Ci 

^ The foUowiBg positions were assumed: 4 Bi in 000^ 8 ^ ^^^^ 

^^8 NbTi in± 00 0.192. By tie same arguments as used for PbBiaJNbgUj tue 

i; f oDo'wiag positions were arrived at: 

^- 4 0, inOOi 8 Os in ±00 0.092 8 0^ in ± 00 0.268 

8 0* in iiz; '' = ^-]^L 

8 Os in iiz; « = -0.164. 

:■ In Table 3 the intensities are calculated from these parameters. 



Case a 

4 Bi in 000, 8 Bi in ± 00 0.200 and 8 NbTi in ± 0 0 0.412 were assumed 
In case 2' (see PbBi^NbaOe) the parameters for the oxygen atoms would be 
4 Oi in OOi. 8 Oa iii + 0 0 0.324, 4 Og in ikl 

4 0einHI. 8 O.inH*^; iH-^ "^^^'SfL 
8 O3 in iii-a z = -0.088 
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Weiasenberg photographs of BigNbTiO, 
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Table 3 the iateiibBities are calculated 'with these assnmptioiis.. It is seen 
the Table that with the order oi the teflections 101 : 103, 211 : 213, 
! : 204 and 107 : 109 are reversed. The same result was obtained if the in- 
of the oaygen atoms was neglected. If em and i^ma were varied around 
and 0.192 so as to give correct ratios for some of iiese reflections, large 
epanoies oocoired for other reflections. With the intensities turned out 
I the right order. There are however a few discrepancies. 00 20 is 
stronger than 0018 and 0 0 3 0 > 0028, but the calculated ratios seem 
, too large. On the whole the agreement is however good. 
Thus if the X ray data for only one of PbBigNbjOg or BigNbTiOft were , 
jiisidered, different atomic arrangements appeared to be possible, whereas only 
' seems to explain the observed data both f or . PbBijNbgOa and BijNbTiOg. 
With ortiorhombio description the positions will be: 
i'^S-mmm 

^ (000; Oii; iOJ; iiO) + 

4 Bii (M^ in 4 (o) 0 00 
8 Bia (Mea) in 8 (t) ± 0 0 0.200 (0.202) 
8 NbTi (Nb) in 8 (») ± 00 0.412 (0.412) 
4 Oi in 4 (5) OOi 

8 Oa in 8 (t) 0 0 0.324 (0.324) 

8 O3 in 8 (/) iii; iif 

16 O4 in 16 (J) ii?; ii;^; ifz; ii^ 

z = 0.088. 

With pseudo-tetragonal description the positions will be: 
'DU-I 4/mmTO 
(000; + 

2 Bii (Mei) in 2 (o) 000 
4 Bia (Mea) ia 4 (e) ± 0 0 0.200 (0.202) 
4 NbTi (Nb) in 4 (fi) ± 00 0.412 (0.412) 
2 Oi in 2 (6) OOJ 

4 O2 in 4 (e) ± 0 0 0.824 (0.324) 

4 O3 in 4 (d) Oii; iOi 

' 8 O4 in B {g) ± (O^z; iOz) 0 = 0.088. 

Tabled 

Values of the tolerance factor, t, for different compounds having the 
CaBiaNbaOg structure. 



CompotULd 


*. 100 




91 




91 




91 




99 


SrBiaTaaOg 


99 




106 




101 




91 




97 



475 



.22.2005 10:43AM Mail INFOGATE-IE INFO EXPRESS 



B. Atmrvniius, Mixed bismuth oxides with layar lattices 
. Table 6 

Powder photogiaplfl of CaBiaNbaOe and SrBigNbaOB. Or K radiation. Pseudtf^l 
tetragonal indices. ' 
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One half of the pseudo-tetragonal unit ceU is pictured J; 
tioned in the disoSsion on PbBi,Nb«Oa it was impossible ^ *^ P 
Snnine how Pb and Bi are distributed over ^^e POint poffl^faons 0 00 and 
0 0 0 202 It therefore seemed of interest to try to determme °j 
C^. ^Ba L?K rtW compomdB CaBi,Nb«0, SrBi,mA, ^^i^Oa 
KBi m O As the cell dimensions of the Pb, Ca, Sr, Ba and K oompounds 
^^fer much it washed that the param^ of I*bBi.in>.^^ 
vaHd forttxe other compounds. There were three ext^me ways of distnbutmg 
Ca, Br, Ba and K over the positions 000 and 00 0.202: 

a Only Bi in 00 2()2 
/5 Random distribution 
y Only Bi in 000. 
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B. AUKiviuiJTJS, Mixed bismuxh oxides uMi layer lattices 
Table 6 a 

Powder photographs of BigNbTiOo. Qr K radiation. 
■ Orthorhombic indices, 




The intenaties were calcnlated for these posabJities by <^°^^%"^. 
to those for PbBi,m,0„ and compared with the ^ .^^ ^^^X^ 
It was found that in no case did y explain the observed intensities. Poc the 
& X E compounds the observed intemties did not permit m 

be^ti a and B For CaBiaNbaOs, however, only a seemed to g^ve correct 
SSes n M ^r^ore^coniluded that the compotmds discussed have the. 
a arrangement. 



In the calo 
ionic radii we 
K+ 1.33, Kb^"* 
distribnted ovt 
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Table 6 b 

Powder photographs of PbBijNbaOg. Or K radiation.. 
Pseudo-tetragonal indices. 
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The structore of Bij;NbTi09 is thus built up of BiaOl* layers between which 
BiNbTiC^ layers are inBert^ The structure may be looked i^on as a percw- 
aldte structure where perowsMte layers are separated by BiaOi* lay^s^ 
view was supported by the fact that in aU cases where the above structure 
was observed the radii of the ions in the layers lying between the BigOl* kyeis 
would aUow for the formation of a perowaldte structure. If the tolerance factor 
t is calculated from the ionic radii of the elements constituting tie layeis 
between the BiaC|- layers, it is found to lie between the limits 0.9 and 1.1 
(see Table 4), the same limits within which perowalate straotures are found 
to be stable. 

i wae oalotilated from lie fomuk: 1.06 (Ra + Bo) - 0.96 t Vi (Rb + Eo). (See (3).) 
A = (K + Bi)/2 Ca, Sr. Ba etc. 
B = (Nb + Ti)/2 (Ta + Ti)/2 Nb. Ta, 
In the adculatioiia oafie o was assumed. For calcalating t the following values for the 
ionic radn were used: Bi8+ 1.00. Ba^+ 1.S9. Sr^+ 150. Ca«+ 1.02. 1,26. NaM).fi7. 

1.33. m'*- 0.89, Ta'5+ 0.69, Ti*+ 0.66 and O'" 1-36. If, for instance, 1 K + 1 Bi are 
distributed over one 2-fold position the radiua of (K. Bi) was taken as (rs + r^l2. 
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Th* structuxe proposed "for CaBi^STbaOe reminds oi^^^^brrx^,M 

Nb!«- in cSnIhO,. lonowtag the ncrtotionB given by LjamMJm j 
K (4) aTeffiji described above might also be denoted b, X„. 



A series Of tetragonal or pseudo-tetragon^ pliases of general coinpo8itbD|| 
(Bi, Me)5R40i8 tave ^ investigated. 
Me: Na, K, Ca, Sr,' Ba, Pb 
K: Nb, Ta, Ti 



The nodtioM of the Me and B atoms were determined feom the observed; ;! 
iJ^^^Tt^ positions of the 0 atoms were dednced from space co^ 

siderations. . , 

The following structure is proposed: ..^ 

DS-F mmm '- '^ 

Io00;0ii;i0ii;i40)+ >^ 

4 Bi in 4 (*) 000 

8 Bi in 8 W ± 0 0 0.200 .y<J 

8 NbTi in 8 (»•) ± 00 0.412 . i^j 
4 0 in 4 (J) 004 
8 0 in 8 W ± 00 0.324 

8 0 in 8 {/) lii; iii ,-0088 

16 0 ini6 (?) ii*; iH; H^> z-o.m . 

srwaSL^cr^ThTiSbiir^ 

I wish to thxtnk Professor L. G. Sn^ for valuable discussions conceming 

*^t^olms Hogakola. Institute of Inorganic and Physical Chemistry. June 
1949. 

Berlin 1936. - 2. WeUs, A. F. Z ^ 461^ ^/^V J^^^' g^^, l. G. 

misfay. New York Mid London, 1938, p. 272. — 4. l^gercran , 
Arkiv Kenri etc. 26. Nu) 20, 1948. 

Tryokt dsn 31 deoember 1949 
Uppsalfl 1949. Almqvlst & Wiksdte Boktryckeri AB 
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Mixed bismuth oxides with layer lattices 
n. Structure of BiJUaOiz 
By Bengt AuBmLLius 

V^th 5 figures in the text 



I 

8": 



By means of X ray analysis it has been found that the crystal stractures 
c^:of a ntuober of bismuth ozyhaHdes consist of BisOf'' layers alternating with 
^■layers of halogen ions (1, 2). In all these cases 1^ sjmunetry -was fonnd to 
t^be tetragonal and the lengths of the a as.ea almost constant = 3.8 A. 
ij On making an X ray study of the system BiaOg— TiOg a phase (of oom- 
^'ipoaition about 40 atomic % TiOg) was found, the powder photographs of which 
i}.could be explained by ajwnming a pseudo-tetragonal cell with a = 3.84 and 
ifc = 32.8 A. It seemed of interest to make a closer study of this phase since 
^ithe ceD dimensions and composition seemed to indicate a layer lattice with 
TsijC^* layers, but of a type hitherto uninvestigated. 

Procedure: Weighed amounts of BijOs (puiiss) and TiOg (puriss) were mixed 
;and heated to about 1100° C for some hours in a weighed platinum . crucible. 
!■ After cooling the crucible was weighed again and the composition calculated 
vhy aflsnming that the loss of weight could be ascribed to the volatility of 

• BijOs. Powder photographs of various preparations in the system BigOa — ^TiO^ 
; indicated that there is a phase with a body-centered pseudo-tetragonal unit 

• cell with a — 3.841 and c = 82.83 A at compositions about 40 mole % TiOj . 
. It was, however, impossible to get samples which were quite free from impurities 
. 80 the powder photographs always contained a few extra Knes. 

The lines 21 1, 22 1 and 31 1 were found to be split up. No cleavage was, 

• however, found for the lines 10?, 201 and ZOl. This could be explained by 
. assuming a face-centered orthorhombic unit cell with the same o axis as the 

pseudo-tetragonal cell and with its a and b axes equal to the diagonals (aV2) 
of the -pseudo cell. 

The orthorhombic axes will be: o = 5.410 & = 6,448 c = 32.84 A. The 
observed density (40 mole % ^02) is 7.85. If the composition is assumed to 
he Bi4Ti30x8 (43 mole % TiOj) and 4 foxmxda units axe assumed per unit cell 
the calculated density will be 8.04 which agrees fairly well with the observed 
•value. 

Single crystals, thin plates, were picked out and Weissenbeig photographs 
(zero layer and first layer) were taken around the 3.84 axes, thus registering 
hOl and hll (pserudo cell) or hhl and h,h + 2,l (orthorhombic cell). 
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Though iihere waa nothing in the Wdssenberg photographs to indicate^ 
lower Lane symmetry than — i/mmm, it was — as has already been m^l 
tioned — found from the powder photographs that the real symmetry was 
higher than orthoriiombic (Lane symmetry Dan — mmm). 

Except for the extinctions folbwiug from the face-centering {hkl c 
only for A, ft, J all odd or even) no systematic extinctions were found; 
is characteristic of the space groups CS, Da and I^. 

Positioiis of the bismnth atoms 

Since the intensities hkl with h,k,l all odd on one side and the int^^_^. 
sities oi hkl with h, k, I all even on the other side appeared to vary in tli^"|^ 
same way with I (see Table 1), it seemed probable that at least the bi8mr+^'« 
atoms are situated on the fines: (000; iiO; OJi; JOi) + OOz. The r~ 
2^ooico6 2je2i? and 2-^111003 2:7112! wiH under such conditions re] 

the Patterson function along OOz. These two sums are pictured in figure 
It is seen from the graph that high maxima occur sA z = 0.144, 0.280 and.^V^,' 
0.428. If CSc is not considered, only the following positions onthehnes 00?j^^"< 

Table 1 

Weissenberg Photographs of Bi4Ti80i2. On Ka radiation '^^^ possibl 
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Figure 1. Patterson fanotion of Bi^TijOu along 0 » » 

Ml curve; 2 
I 

Dotted curve : ^" » «^ ^ " ^ * (orthorhombic indices) 



are poaaible for the Bi atoms: The two 4-fold p<^tioii8 000 OOi and^ 
•Sw7«»ition8 + 002. AMunung that the unit ceU contama 16 Bi it was 
VZ S the obletved maxima in the graph coaxld be e^W by as^ 
- - 16 Bi atoms are situated in two 8-£old positions + OOs:. In this way 
arose: 



a. zi = 0.215 

b. 21 = 0.072 



22 = 0.356 
Zg = 0.356 



c. zi = 0.072 2a = 0-215. 

If the influence of the Ti and the 0 atoms is neglected the Patterson maxima 
will have the following relative weights: 



0.144 
0.280 
0.428 



If the two curves in figure 1 are added and the areas under the 
cnlated, the ratio of (0.144) : (0.280) : (0.428) is found to be: 4.4 : 2.6 : 1.0 Now^ 
these figures camiot be directly compared w^th the figures given jbove^^ «jce 
the zerTlevd in the graph is unknown. It is, however, seen that ^e observed 
Sder^f ma^tude of the peaks (0.144) (0.280) and (0.428) is the same as 
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that calculated for o. Case o was therefore asstuned, and Zi and zjj were vari^, 
arotmd 0.072 and 0.215. The observed intensities were f onnd to agree qtdt ' 
well with those calculated for = 0.067 ± 0.004 and = 0.211 ± 0.004. 
Table 1 the observed intensities are compared wjth intensities calculated ai' 
follows: I = A» A = 10 (cos 2?ti;«i + cos 2 jrlza) == 10 r/4 fai. In Table 
the lines of maximum absorption (see (4)) are indicated by dotted lines. If 
allowance is made for the polatisation factors and the absorption effect (4)j. 
it is seen that for A, ib, { all odd the observed and calculated intensilaes agre^^ 
quite well. For h,k, l all even, the calculated ratios of 0016:0018 and^>y 
22 16 : 22 18 are inveraed in compaiison with the observed ratios. This nii^t?^ 
be due to the influence of the Ti and the 0 atoms. '-/^^ 



Positions of the Ti atoms 

With the formula assumed the unit cell contains 12 Ti atoms. If the spackfj^ 
group C^c is not considered, the only 4-f6Id positions possible are: 

4 (a) aOO or OyO (Cg a or h), 4 (a) 000 4 (b) 00* (DJ, 1^), 
4(o)iii 4(d)iii(Dj) 



The positions 000, iJi and iii seemed very improbable since the distance- 
Bi— Ti would then be only 2.2—2.4 A. For the remaining positions 0 0*, xOOrt^, 
(or Oy 0) aj (or y) must lie within the limits 0.38—0.62, if the miniinum diistance'^^!^ 
Bi— Ti is assumed to be 3.0 A. If the distance Ti— Ti is assumed to be";^ 
^ 3.0 A, only 4 Ti can be situated in 4-fold positions and the remaining 8 TiVi^ 
must occupy one 8-fold position. Of 8-fold positions the following seemed to7^ 
be possible: . 

8 (d) xOz, xOe (or Oyz. Oye) OS c or &, 8 (g) ± OOz (Dl. Vg), 
8 (h) iiz, ii*-z (Dl) 

Thus there seemed to he two ways of arranging the Ti atoms: 

1. 4 Til in 00*, 8 Tig in Ji2, iJi-2 0.133 ^ z ^ 0.147 

2. 4 Til in 00*, aOO (or OyO) 0.38 <x:^ 0.62 (or 0.32^1/^0.68) ■■ 
8 Tia in ± 0 0 2 0.324 ^2^ 0.398, xOz,xOe (or Oyz, Oyj?) 

0.38 a; < 0.62 (or 0.38 < y < 0.62) 0.102 ^z^ 0.176 

Both for 1 and 2 the parameters are chosen as to mi^e the distances 
Bi— Ti ^ 3.0 A. The region possible for the Tis atoms — as s n m i n g arrange- 
ment 2 — is diown by the sbided area in figure 2. 

By calculating the intensities of OOi for various z>n values, it was found 
that the calculated ratio 0 0 16 : 0 0 18 (see the discussion on the Bi positions) 
was best for z~0.13o or 0.37o. 
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. The intensities of the spots in the Weissenbetg photographs were lien cal- 
ca]ated fat ihe aixangements 1 and 2 but no dedaion between 1 and 2 could 
?f=],e made by comparison with the observed intensities.. It was therefore tned 
"^iifco fa^d possible arrangements for the 0 atoms with both 1 and 2. 



Space group Dl and the folbwing positions for the metal atoms were 
; asBtuJied : 

8 Bii in 8 (g) = 0.067 ± 0.004 8 Bia in 8 (g) .= 0.211 ± 0.004 
4 Til in 4 (b) 00 i 8 Tia in 8 (h) 0.133 ^ z ^ 0.147 



X-0. 
■cr 




5fi 



3y assuming that the distances Bi— 0^2.2, Ti — 0^1.8 and 0—0^2.5 A, 
the following positions were found possible for the O atoms: 

4 (a) 000 4 (c) iii 4 (d) iJf 

8(g) ±002 . 8 (h) 

0.130^2^0.148 O^lzl:^ 0.040 

0.274 <.z<> 0.445 — 0.183 ^ z ^ — 0.095 

16 (k) %yt\ xyz] xye; xye 
x = 0 y=« 0 
y==0.21 °' a = 0.27 

Two regions are possible : 

8 = 0.113 (for zm = 0.147) and z = 0.165 (for zm = 0.132) 

No combinations of these portions could be found giving reasonable distances 
and octahedra around the Ti atotos, as is the case in previously investigated 
; structures contaimng Ti*"^ and 0*". Arrangement 1 seemed therefore unpiobable. 
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Case 2 

The poations of tte metal atoms are assumed to be: 

8 Bii in + 00^1 =-0.067 ± 0.004 8 Bia in ± 00«!» 22 = 0.2U ± 0.004. ^ 
4 Ti, iu 00 i, asOO (or OyO) 0.38 < a;, y ^ 0.62 8 Ti^ in ±00z, 

0.324 ^z:^0. 

xOz.xOe {01 OyziOyi) 0.38 < x, 1/ < 0.62 
0.102 ^ z ^ 0.176 

At fixst only space group Dl was considered (Tijin OOJ and Ti^ in ± 002),Ji 
The following positions were found possible for ike 0 atoms makmg the same «: 
assomptioDS as in case 1: 

4 (a) 000 4 (0) iJJ 

4 (d) iii 8(g)±00z 8 (h) iiz; 

0.130 0.148 0<|2|< 0.040 

0,379 r< 2 ^0.445 0.095 < 1» | < 0.183 
0.274 ^z< 0.343 

16 (k) xyz; ccyz; xye; xyM 

X = 0.25 ± 0.02 y = 0.25 ± 0.02 
or 

y ~ 0 a; - 0 

0.114 <z< 0.163 

It was tried to find positions for the 0 atoms so that Tij and Tig ^ojMI^ ^ 
surronnded by regular or almost regnlar octahedra 0 a*^^^^ • 
distances 1.8^ Ti-0 :S2,5 A. For 0 atoms in contact with ^}iy^l}f^J: • * 
ing point positions are possible: 8 (h) 0<UI<0.040, 8 (g) 0-424 J 0.446. 
^PltTs 0 situated at iiO; iii and 8 0 at ± 0 0 0.442 regular octahedra of 
0 would surround Tij. It, therefore, seemed probable that oxygen atoms are 
situated near these positions. 
For oxygen atoms in contact with Tia, the foUowing positions are possible: 

8 (gi) 0.379 ^ zi :^ 0.446 8 (h) 0.095 ^ 1 2 i ^ 0.183 
8 (ga) 0.274 <>z^< 0.343 16 (k) 0.114 ^ z ^ 0.163 

With one set of oxygen atoms situated at 8 (h) or 16 (k). every Tig atom 
^ be in contact with two oxygen atoms, while if oxygen atoms are situated 
at 8 (gi) or 8 (ga), Tig will be in contact with only one oxygen atom. It was 
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mi- J +i,»f ftT,i-<r one set of oxygen atoms cotQd occupy the positions 16 (k), 
STd a ll) wlX ^^^^ 32 o^gen atoms could be dtuated m po^- 
.^i^^ arrangements aUowing to be m contact with 

^ |j5 0 are possible: 

a. 16 0 (k) + 8 0 (h) + 8 0 (b) 

b. 16 0 (k) + 8 0 (gi) + 8 0 (gg) + 8 (h) 

c. 8 0 (h) + 8 0 (h) + 8 0 (b) 

d. 8 0 (b) + 8 0 (h) + 8 0 (gi) + 8 0 (ga) 

- With a and b BO combination of positions could be found, ^ving octahedra 

JZs and giving octahedra of oxygen atoms^mid Tx«. Arrangement 
was, therefore, preferred to the arrangements a, b and c. 

foUowig parameters were assumed for oxygen atoms m contact wath 
I'Ki or Tij: 

8 Oi in 8 (h) 2 = 0 



•I 



aid be 
. with 
tollow- 
0.M6. 
)dra of 
ns are 

flsible: 



ttuated 
It was 



(2ii, = 0.372) 



8 O4 in 8 (g) z = 0.436 
8 O5 in 8 (g) 2 = 0.308 
8 Og in 8 (h) z = 0.128 
8 O7 in 8 (h) 2 = -^0.128 



Even if these parameters are varied conmderab j "^^^^ ^« va^es 0%^' 
= room for the lemiig 8 0 is left only in the poalaons 4 (c) ^^^^^^l^^'^^ 
The positions arrived at might also be described with space group Dg-T mmm 

1 follows: » , , , 

8 Oi in 8 (e) iJOjiiJ 

8 Oa in 8 (f) iii.iii 

8 Os in 8 (i) ±00z 2 = 0.436 

8 O4 in 8 (i) ±00z 2 = 0.308 

16 Ob in 16 (j) 

z = 0.128 

505 



:FEB.22.2005 10:39AM Mail INFOGATE-IE INFO EXPRESS 



NO, 4212 P. 9/151 



B. ATJBTTOXius, Mix0i hismuth oxides with layer lattices. II 
The distances aad coordination will be: 





-4 0i = 


2.92 


Bix 


-4 08 = 


2.72 


Bii 


-4 06 = 


2.76 


Bi^ 


-4 03 = 


2.79 


Bi, 


-4 04 = 


2.79 


Bi, 


-4 06 = 


2.29 



Tia- .08 = 
Ti8- 0* = 
Tia-4 05 = 

Oi-4 Oa = 
08 -4 0i = 
0, -4 08 = 
04 -4 06 = 
06 -4 06 = 



2.10 
2.10 
1.92 

2.71 
2.83 
2.70 
2.83 
2.71 



Tii- 
Tii- 



4 Oi = 1.92 
2 O3 = 2.10 



No new combinationis were found if the space group was aasumed instead 
of Dl.. 





Since a 6 and tiie positions of. the 0 atonu masi 1» ohoeen from space consideiatiooQs, 
it does not matter whether space group Cg o or J is assttmed. €^6 was assnmed arbitoarily. 
It was found that oxygen atoms could only be situated in the planes x—O, «=0.26±0.02, 
x = i and X — 0.75 + 0.02. Thus the following positions axe possible: 

4:(a)OvO 8(b)J»i5i»i 8(o)Oyz:Oy» 
8 (d) aii^O; «vO IQ {e) xyzixyz}xyz; xyz 

ri= 056 ± 0.02 X — 0.25 ± 0.02 
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T(Me 2 (cout.) 

First Layer • 
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P^ovfder Photogiaplis 



Table 3 

of Bi^TiaOia. CJr K ladiaidon, orthiorhombic desmption 
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Tte positionB of the Ti fttoms are assumed to !»: 
4 Til in 4 (a) 0.38 :^ 0.62 
8Tisin8(c) 0.88^^2^0.62 0.102 < *2 ^ 0.176 
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Figure 4. 
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in W that the imit ceU contains 48 O and assuming 18 0 to he Bituated at 8 (o) + 8 (d) 
IgJ S !^orm an octaiedron aroond Tii). the following ammgetaents givang .6 O aronad Tig 
P^jeemed possiblo: 

a. 8 0 (0) + 8 0 (c) + 16 0(e4) 

b. 16 0 (ea) + 16 0 (e*). 

^'with b. xu> combinafcioa giving octahedra of. 0 around Tij oonld be fot^ '^'^'t^Z' 
■^Z.^ oould be found aflowing Ti^ to be Burronnd^d by an almost regular ^Hahednm. 
SSSowing parameters for oygen atoms in contact ^ Til or T.e we a^^ 

8 Oi in 8 (d) a; = i » ~ Vi + i 

8 Og in 8 (c) y ~ iVi + ffa)/2 « = hI^ 

8 Ogin 8 (c) y -Va z~ 3*8/2 

. 16 O4 in 18 (e) se = i V == *2 + i « ~ ^ 

• For the remfldmng 8 0 there seemed to be room only in the position 8 (b) y = K It is 
^ rat^T^tions are basically the same as were arrived at when space group was 
^ . Msumed, except for possible smaD shifts in the y directum. 

Thus no new arrangement was found ty assniniig a or 6. I^Table^ 
fnseudo-tetrafional indices) tlie intensities, calcolated by of the formnk I - 
WIOFmS. axe compared with the observed ones. Smce the^os fWfBi 
J Jfai W^th sin^/A they were interpolated for every reflection from 
Zti&mho^. InteLtiox^ Tables , (3). Table 2 shows good apeement 
between the calculated and observed intensities. 
The following Btructnre is thns proposed: 
I^ — r mmm 
(000;Oii; iOi; HO) + 
8 Bii in 8 (i) ± OOz z = 0,067 
8 Bij in 8 (i) ± OO2 « = 0.211 
4 Til in 4 (b) 00* 
8 Tia in 8 (i) ± OOz a = 0.372 
8 Oi in 8 (e) iiO; Jii 
8 Osi in 8 (f) iiiJiii 
8 Oa in 8 (i) ±002 2 = 0.436 
8 O4 in 8 (i) ± OO2 2 = 0.308 
16 Oe in 16 (j) it2;ii'^;ii«;H^ 2 = 0.128 
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For tiie pseudo-tetragonal cell the positions will be: 

{000;iH) + 

4 Bii in 4 (e) ±002 « = 0.067 
4 Big in 4 (e) ± 00» 2 = 0.211 
2 Til in 2 (b) 00 i 
4 Tig in 4 (e) ± OOz 2 = 0.372 
4 Oi in 4 (c) OiO; JOO 
4 Oa in 4 (d) OJi; |0J 
4 Oa in 4 (e) ± OOz 2 = 0.436 
4 in 4 (e) ±00z z = 0.308 
8 Og in 8 (g) ± (OJ2; J0«) 2 = 0.128 

In figure 4 one half of the pseudo-tetragonal unit cell is pictured. Th^^.. 
Btruoture consists of BijC^* layers alternating -wilih BigTijOM layers. Qle ai-^:? 
langements of the atoms within the BigTigC^ layers seems to be the same ae^^ 
that found for perowslrite structures, and it is easily found by calculation that'^j 
the geometrical properties of the Bi^*, Ti** and 0*" ions make a perowskitftj?! 
structure possible. Thus the structure might be looked upon as a layer stnufel*! 
tore where perowskitio layers BigTijC^ — corresponding to a hypotheticid\4" 
perowskite structure BiTiOg — alternate with Bij^* layers. With the nota-f»>; 
tions given by Li.G£BO&Airrz and BiLii:^ (6), the above stmctuie might bef^ 
denoted by Xjn- 

I wish to thank Professor L. G. Sill^nt for valuable discujssionB concerning' 
this work. 

Stockholms Hogskola, Institute of Inorganic and Physical Chemistry, 1949. v. 
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Mixed oxides with layer lattices 
IIL Structnre of BaBi^Ti^Oig 



By Benct Aukiviixius 



With 4 figurea in the text 



X ray studies on the compotuids CaBigNbaOg (1) and BiiTiaOia (2) have 
shown that the oomiwiiatively complicated chemical formulae of these compounds 
can be explained by simple layer structures being built np from BiaO» layers 
and peroTirakite layers. The unit ceTU are pictured schematically in Figs. 1 a and 
1 c. It was found both for CaBisNbjOs and BiiTigOu that the symmetry was 
body-centered pseudo-tetragonal and that the length of the o axes had. the 
same value (3.8 A) while the length of the c-axis was 25 A for CaBigNbgOa 
and 33 A for Bi^TiaOig. In both structures the heavy atoms form approximately 
a "substructure" wili a smaller body-centered tetragonal cell with a = 3.8 A 
and c = 26/5 A for CaBiaNbgOa or c = 33/7 A for Bi^TiaOia. 

The BiaOg layers and perowdrite layers lie perpendicular to the o-axis. Similar 
layer structures have been found for a number of bismuth oxioompounds (3,4,6). 
The common structural element in all these compounds is quadratic BigOa layers 
between which balides or certain radicals are inserted. This e^^lains t^e fact 
that the o axes of all Uiese compoundfl are of about the same length. For a 
survey see (5). 

For the CaBijNbaOg type each perowsMte layer has the composition (CaNba07)n 
and the height of the layer is equal to four distances Nb— 0 or approximately 
to the height of two E2, (perowsMte) unit cells (see Fig. l a). A compound 
with a somewhat similar structure has ixreviously been investigated by La.gee- 
(auHTZ and Sill&t (5). In thi3 structure (see Fig. 1 b), beyerite CaBi202(C08)2, 
the point positions corresponding to the positions of the Nb atoms in CaBiaNbaOa 
are occupied by "rotating" COI" groups. 

For the Bi^TisOia type the perowsMte layers have the composition (Bi8Ti80io)a 
and the height of the layer is equal to six distances Ti— 0 or approximately 
to the height of three E2i unit cells. 

The general formula for a compound built up in a way similar to CaBiaNbaOs 
but where the height of the perowsldte layer enclosed between a pair of MegOa 
kyers is equsJ to the height of m B2i cells, will be: 

MeaOa (Mei^-i Osm+i). Me, Me': Ca, Sr, Ba Bi (K + Bi)/2 etc. 

R: Ti, Nb, Ta , (Nb -f- Ti)/2 etc. 
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Fig. 1. Schematic^ pictures of the etmotares af a. CaBitKbgO, b. CaBi80|{C0g), and 
c. Bi^TisOig. The vertical linea indicate the linea 0 0s and i i 2 in the unit coDa. A denotes 
peiovskitio (E2i) regions in the ' 



It seemed of interest to investigate vhethei compotmds could be synthesized 
with m ~ 4t. The present investigation shows that structures of the above type 
with m = 4 exist. 

Mixtures of BigOa, BaCOs and Ti02, corresponding to the composition. 
BaBi4Ti40i6 were prepared and heated to 1100° C. Single crystalfi, thin plates, 
Were picked out and Weissenberg photographs were taken. These could be 
interpreted by means of a body-centered tetragonal cell with o = 3.86 A and 
c =• 41.7 A. The strong lines of the powder photographs (taken from prepara- 
tions heated to 900" C (Au crucible) or 1100' C (Pt crucible) were easily iden- 
tified pince they could all be described with the aid of the "suK-lattice" (o =■ 
8.86 c ■= 41.7/9). If the c axis were 9 fold even the weak lines fcould be 
explained (Table 3). In this way the cell edges were found to be a = 3.864 A 
and c = 41.76 A. The observed density was 7.2, which agrees fairly well with 
the assumption of 2 formula units/unit cell (calculated density 7.49). 

The Weissenberg photographs registered Okl, Ihl, hhl and A, h + 1, I. In 
the Weiflsenberg and powder photographs there wag notlmig to indicate a lower 
lAue symmetry than Pu—i/mmm. Except for the extinctions due to the body- 
centering, hkl occurring only iox k + k + l^ 2», no systematic extinctions were 
found, which is characteristic of the space groups D^" and D«. "Fig. 2 

620 



Kg. 2. PatteiBor 



''ig. 3. Three dimi 
""laterial -was used 
Uxe anqpUtudes axe 
The vei 



rfEB. 22.2005 10:40AM Mail INFOGATE-IE INFO EXPRESS 



NO. 4213 P. 4/10 



ABsrv f5r kemi. Sd 2 nr 37 





Pig. 8. Three di menaiom l Fourier cut along 00« for BaBi4Ti40x$. The same intenaity 
material waa used as lor the Patterson Harkor cuialysis pictured in Fig. 2. The signs of 
the amplitudes are the same as those obtained in the straoture factor calculation for Table 2. 
The vertical anows eoirespoiid to the values MtaaQy assumed. 
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shows the Patterson Harker function along OOst. For all observed reflexions i 

the P values •were estimated from: ~ Jobs. , ^fn o " expected large ■ 

1 + cos' ii a * ■ .. 

peaks appear sA z ^ 1/9 2/9 3/9 and 4/9. 

It is interesting to compare the cell dimensions found above witlx the ones ■■ 
which might be expected if the compound Ba£i4Ti40xs is assumed to have a-i 
structure similar to that of CaBi2Nba09 but with m = 4. In this case the ai^ 
axis would have about the same value as found. The length of the c axis 
might be estimated in tiie following way: The c axis of BiaNbTiOe (m = 2 see (1)) 
is 25.11 A; the value for BiiTiaOu (»» = 3 see (2)) is 32.83, the difference is J: 
7.72. If twice this value is added to the c axis of BaBigNbaOg (m = 2) the j: 
vahie 41.0 A is obtained. The value actually found was, as mentioned above,:; 
41.76 A. • 

From the composition, cell dimensions, and crystal symmetry it seemed a jtriori '1 
probable that the trtructure of BaBi4Ti40iB- was the one we anticipated. There- 
fore, the parameters were wvsrked out with the aid of the parameters found for " 

TMe 1 

Weissenberg photographs of BaBi4Ti40i6. Cu Ka radiation. For zero order photo-, 
graphs the regions of maTrimnTn absorption (see Wells (6)) are indicated by dotted' 
lines. The intensities of 101, 10 3 and 1 05 have been taken from a zero order 
photograph, those of 1027—1049 from a first order 
photograph rotated around (1 0 0). 
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Tdie 1 (cont.) 

Weissenbeis piotographs of BaBiiTi^Oig. Cu Ka radiation. 



BisNbTiOfl and Bi^TiaOig. The positions of the heavy atoms might be eagpected 
to be: 2 Ba inOOO, 4 Bi in ± OOzi, 4 Bi in ± OOzg- 
The positions of the Ti and O atoms might be expected to be: 

4 Ti in ±0028, 4 Ti in ± OO24, 2 0 in OOJ, 8 0 in ± (0 J (i" sfs), 
J 0 (i-zs)). 8 0 in ± (0 4 (i-24). 4 0 4 0 in ± 0 0 (z, + zJ/S 

4 0 in ± 00(23-(24-«3)/2), * 0 in OH.iOi 
«i « 1/9 22 « 2/9 28 = 0.350 «4 ~ 0.450 

These atomic podtioiis would give rise to high peaks ii the Patteison-Harker plot at the 
flame valoea as actually foimd. The calculated area ratios agree, howBTer, with the observed 
ones only in as much aa the biggest area is found for the peak at l/9. The reasons might 
be an incorrect choice of the zero level and errors in the estimation of the intensities. 

The parameters were varied around the above values for different positions 
of the Ba atoms: 2 Ba in 000, OOZi or OQza, 2 Ba equaJly distributed over 
(000 + OO21), (000 + OO22), (OOzi + 002a) or (000 + OO21 + OOzj)- The best 
agreement seemed to be for 21 = 0.106 ± 0.001, 23 « 0.221 ± 0.001, 23 = 0.352 
± 0.004, Z4 = 0.452 ± 0.004 with 2 Ba equally distributed over (000 + OO21 + 
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TfMe 2 

Weissenberg photographs of BaBiiTiiOj^. Cu Ka radiation 

7oalo. = (2.6 F/fBj)* 
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Table 3 

Powder photographs of BaBi^TiiOig Cr Jr« radiation. 



H 6 
11 8 



0 018 
1110 

1 016 
0020 
1017 
20 0 
1019 
1 1 16 
20 8 

/II 18 
\1021 

2 010 
/21 1 
121 3 
hi 1 
U120 
;2 014 



10* 10* 
sin* dcalc sin* diitii. 



1067 
1489 
1768 
1927 
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2611 
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600S 
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10* 10* 

sin ^calc. sin dK/b&* 



6667 
6900 
6954 
6088 
6093 
6365 
6526 
7032 
7064 
7112 
8099 
8111 
8114 
8376 
8607 
8521 
8631 
8802 
8812 
8820 
9074 
9098 
9464 
9470 



6440 
6681 
6669 
5892 
6960 

6089 
6364 



8104 
8366 
8620 



9092 
9484 



lolH. 



vw broad 
w broad 



17 brood 
w broad 



0022)' Other distributions of Ba shotild, however, not be excluded; as will be 
seen the three dimensional Pourioc cut along OO2 (see Fig. 3) seems to favour the 
following Me arrangement: 4 Bi ± OOaia and (2 Ba + 4 Bi) equally distributed 
over the positions 000 and + OOzj. 

Prom Table 1 it is seen that roughly for the same value of i: /oo» ~ -^aoi 
~ -^281 = -^doJj Ii.1i ~ •'^sii ~ liih loi -^aii -f sol ^ ^»2i ~ ^ni as might 
be ejcpected from the above atomic positions witii atoms only on the liaes 
00 z, iiz, O^z and JOz. Table 2 gives calculated and observed intensities 
for the rows 001, 101, 111, 211, 221 and 302. It was found from the Weis- 
senberg photographs that 00 28>00S0 and 10 37 > 1039 (see Table 2) but 
the observed ratios do not seem to be as laige as those calculated. This is 
more clearly seen for the rows 40 Z and 30 Z where 4028< 4 0 30 Mid 3037 
^ 3 0 39. These discrepancies could neither be removed by small variations in 
the z parameters nor by assuming other distributions of the Ba atoms for the 
structure factor calculations. Other discrepancies found from Tables 1 and 2 
are 222:224, 332:334, 0050:0052 and 1148:1152. However, for most 
refleadons the agreement is quite good and considering the errors which might 
be introduced by absorption effects and errors in the ratios t-ajim and fo/fsi 
the agreement might on the whole he classified as fairly good. 
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m BaBi O 0 • Ti 



Fig. 4. One half of the unit cell of BaBi^TuOiB. A denotes the perowskitio i 
B the MeaO. layers. 

The following structure is therefore proposed; 
(000, JiJ) + 

2Meiin 2 (o) 000 
2 Oi in 2 (6)_00| 

8 Gs in 8 (g) Oisr, OJi; J0«; ^Oi z = 0.048 

4 Til in 4 (e) 00«; 00;? z = 0.452 

4 Os in 4 (e) ^ „ o.402 
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4Me2m 4 (e) 2 - 0.106 

8 O4 in 8 (9) g = 0.148 

4 Tia in 4 (e) ^ « o.352 

4 Og in 4 (e) ^ = o.302 

4 Mes in 4 (e) o.221 
4 Os in 4 (d) Oii; ^OJ 

Ba and Bi equaUy distributed over all Me portions. 

If the stractnie is described by meaofi of an orthorhoinbio space group (I^). as used for 
tt.e etmoto^ erf K«NbE09 and B^TiaOi^ the positions ^ be: ]^-F ««,«. (000; 
HO; Oji; iOj) + 4 Mei m 4 (a) 000, 4 Oj in 4 (6) OOJ. 16 Og in 16 W iiJ- 
if ^ ii^; e = 0.048. 8 lij in 8 (i) 00.; OOJ . = 0.462. 8 0, in 8 «) z = 0^. 8 Jkl*^' 
8 W . = 0.106. 18 .O4 in 16 (i) = 0.I4S. 8 Ti^ in 8 (.) . = oV 8 0, in 8 (i) ; ~7^, 
8Me2m8(t)2 = 0.221. 8 0ain«(/)iiij JIf. * ' 

The distances (A) and coordination will be: 

Me8-4 08 = 



Oi- 


8 Oa 


= 2.78 


Oa 


-4 0a = 


2.73 


03- 


4 0, 


= 2.84 


O4 


-4 0* = 


2.73 


Os- 


4 0, 


= 2.84 


Oe 


-4 Oa = 


2.73 


Os- 




= 2.91 









= 3.10 
Mea-4 03 = 2.75 
Mej — 4 04 = 2.61 



Til -08 = 2.09 
Til -4 02 = 1.93 
Tlx -Oi = 2.00 



Mei — 8 Oj = 2.78 
Mei-4 Oi = 2,73 



Tia-08 = 2.09 
Tig -4 04 = 1.93 
Tig -0e = 2.09 



Meg -4 08 = 2.28 
Meg — 4 06 = 2.89 
(Meg -4 04 = 3.64) 
One half of the unit cell is shown ia Kg. 4. 

I wish to thank Professor L. G. Sill^n for valuable discussions on this work. 

Stockholms Hogskola, Institute of Inorganic and Physical Chemistry. May 1960. 

4»^™s^SsJ' ^^'^ri,®" ^Z.'^ ' - 2- . Ibid. 1 (I960) 

r ^' (1835) 49. — 4. Slll&i, L 

Aco 20, 1948. — 6. Wells, A. F., Z. Krisfc. 96 (1937) 481. 
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v; The structure of BiaNbOjF and isomorphous compouxids 

By Bengt , AuRTViLiJus 

"With 1 figure in ths text 



; X-ray studies made previously on Hhe compounds CJaBiaNbgOj, Bi4Ti30ia and 
•> BaBijTi^Ois (1) showed that tiiey have very similar structures. The syinmetry is 
• tetragonal or pseudotetragonal, and the structures are each built up of quadratdo 
- BiaOa layers alternating with perovsMte layers, the latter haying different heists 
in the tibree different cases. The generalized formula for' the' coihpoundjs might be 
written JfegOa {Me'm-i JKmOam+i) where Me' is the 12 cqotdinated metaJ atominthe 
perovsMte layers and 22 the 6 coordinated atom, The forniula^ for the' above com- 
pounds, BiaOa(CaNba07), BiaOa(BigTi80io) and BijOjKBaBia) Ti^O^] thus have m 
' values of 2, 3 and 4, The simplest case, »n=l, would correspond to the formula 
JfCjOjCBOJ and to a structure built up of Me^Oa layers and layers of jBOj ootahedra 
each octahedroia sharing four comers. Compouiids of this type have, however, not 
Iwen successfully synthesized as yet. 

The present paper deals with the compounds BiaNbOgI', BigTaOjF and BiaTiOaFj, 
which correspond to the simplest case, m = 1 above, except that some of the 0 atoms 
are replaced by I" atoms. The formulae of the compounds might thus be written* 
Bia(0,F)aNb(0,F)4etc. 



Preparation, powder photographs and analyses 

BlaNbOjjF: "Wien a mixture of BiPj and NbaOg in the molratio 4 : 1 was heated 
in air at 800° 0 for a short time, a few single crystals (very thin plates) were obtained. 
Powder photographs of this sample indicated a tetragonal unit cell with the same 
cell dimensions as would be expected for the above general tjrpe when m^l. The 
best conditions for the formation of this phase were then studied by heating 2.6 g 
mixtures {2BiF8+VBNbad5) in air at. 640' C, this low temperature being chosen to 
reduce the Volatility of the BiFg. The reaction times were;7aried from 5-40 hours, 
and powder photographs were taken of each product. For reaction times of 7-15 
hours the lines of the above tetragonal phase predominated in the powder photographs, 
the few extra lines were very weak (see Table 1), 

The fluorine content was found to vary from 4.0 % (7 hours) to 2.4 % (15 hours), 
whereas the calculated value for BijNbOgF is 3.2 %. No variation in the size of the 
cell witii the fluorine content was found, and it therefore seems probable that the 
composition of the phase is constant and that the observed variation in the F content 
is due to the presence of small impurities wMch are not visible in the powder photo- 
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Table 1 

Powder photographs of BiaNbOgP (sample with 2.8 % F) 
OrK radiation XGrK^'= 2.2909 A. 
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graphs To check that the Bi/Nb ratio had not changed essentiaUy during the heating 
tiTSjS.^^T.'^ made on one sample (9 hours heating). The following 
3^7+0 2^ "^^^ ^ analyses: Bi: 68.0+0.6%. Nb: 14.2±0.6%, F: 

The values calculated for BigNbOgF are: 

Bi: mSi Nb: 15.2%, F: 8.2%. 

From these figures it seems prbbable that the formula of the oompoundisBiaNbOsF. 

w.?*''^^^'^ was prepared in exactly the same way as BiaNbOgF. No analyas 
Z^y.^^ ?? ^^'^^^^ photographs were similar to those of Bi^NbO^F and 
Daobram and tantalum compounds are usually isomorphous 
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Fig. 1. One haJf of the vnit ceU of B^NbO^, A daaotea the region of Nb (O, F). ootahedm 
and B the Bi,(0,F)j layars. 

BlaTiO^Fa: Mixfcures of bismuth fluoride and titanium oadde in the mol ratio 
2:1 (total 2.3 g) were Heated in air at 640° for various lengths of tlime. The powder 
photographs obtained from samples heated for 3 or 5 hours could be intOTpreted by 
arauming a mixture of BiOF (2) and a phase whose cell dimensions were nearly 
the same as those of BisNbOeF. (See Table 2, where the reflexions from the BiOF 
phase are designated by b and those from the other phase by a). The fluorine contents 
of the mixed samples were found to be 6.4 % (5 hours) and 8.4 % (3 hours) but no 
variation of the cell size with tbe fluorine content was found. The calculated values 
are 7.8 % for BiOF and 6.7 % for BijTiO^Fg. From the original Bi/Ti ratio, from the 
fluorine analysis and from the similarity of the powder photographs with those 
of BiaNbOsF (Tables 1 and 2), it was concluded that the formula of the phase is 
BiaTi04FB. 

Methods of analysis: Fhjumne. The samples were first decomposed by fusing 
with NaOH, and were then distilled with HaO* as described by Whxard and Wnma 
(3) . The distillate was titrated with Th(N08)4 using Na-alizarinsulphonate as indicator. 

Bismuth and Niobium. The samples we?e brought into solution, and niobium 
was determined as described in Scott's "Standard Methods" (4). Bismuth was first 
precipitated as BiaSs, which was then redissolved, converted to Bi.Oa and weighed 

as such. a s a- 

Unit cells and space group 

The dimensions of the unit cells were determined from powder photographs taken 
with focusing cameras of the Phragm&i type (Tables 1 and 2). The radiation used, ' 
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Table 2 

fJrS29^9*'^^^°^3'??*^^^ ^iOP) CrK radiation 

(Aoir,=2.2909 A), o denotes the BiaTiO.Fa pliase and h the BiOF phas 
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? Vas GtK (Acri„= 2,2909 1). As mentdoned above tke powder photographs could 
be interpreted by assumiog tetragonal unit cells; the cell dimejudons are given bdow. 

c{A) 

BiaNbOjF 3.835 16.63 

BiaTaOsF 3.829 16.64 

BiaTiO^Fa 3.802 16.33 

The errors in these figures are estimated to be +0.1 %. 

The observed density was 8.0 for BijNbOjF (preparation with 2.8% F), which 
agrees fairly well with the assumption of 2 formula units per unit cell, sivinfl a 
calculated density of 8.26. 

Zero Mid first order WeiBaenbeig photographs around the a axis were taken. There 
was nothing in the Weissenberg photographs to indicate a Laue symmetry lower 
than i;^— 4/mwTO. The only extinctions found were that h, k, I were absent for 
h+Js+l odd, which is characteristic of the space groups Cl, I)L 2^ and Dll. 

Powder photographs only were taken of the compounds BiaTaOjF and BiaTiOaF., 
and from these it was concluded that these substances are isomorphous with BiaNbOgF! 

Positioiis of tlie metal atoms 

BiaNbO jF: With 2 formula units per unit cell there are 4 Bi and 2 Nb atoms per 
mnt cell. The intensities of the spots in the Weissenberg photographs seemed in 
the man to depend only on the I values. Thus for I even /oo.=-ru»==/2o« etc. and 
for i odd: Iioi==i2ii=-^aoi etc. With these intensity values a good approximation of 
the Patterson-Harker function along OOz could be obtained by using only the inten- 
sity values of A 0 Z and A H. The Patterson-Harker function thus calculated (not given 
here) showed only one, big, maximum, at z=0.34. This maximum, and the absence 
of others, could be explained only by assuming that 4 Bi atoms are situated at the 
positions ±00z with 2=0.17 or 2=0.33, and the Nb atoms at the positions 00| 
or 000. Acbifecarily choosing 000 as the position for Nb, trial and error calculations 
gave the value 0.325 for the Bi parameter. 

No determination of zm was made for BlaTaOgF, 

For BijTiO^Fj the powder photograph data were used to determine the Bi para- 
meter. Assuming the Ti atoms to be situated at 000 and the 0 and the F atoms to 
occupy the same positions as given below for BijNbOgF, the value =0.327 ±0.006 
was obtained from trial and error calculations. 
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Zero layer 



Weissenberg photographs 4S' ' ■Sh'^^ 
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Posxtioiis of the 0 and the F atoms 

The poaitioiis of the 0 and the T atoms could not be diBtmguished either from the 
diffraction data, or from space considerations because of the similarity in the re- 
flecting power and ionic radii of 0*~ and F~. The problem is therefore treated as 
though 0 and I" were the same atomic species. In the following, the O and the F 
atODM are denoted by (0, F) and the discussion relates to BijNbOsF for which zm 
could be accurately determined from the Weissenberg photographs. 

It seemed reasonable to assume that the Nb atoms are surrounded by a regular 
or nearly regular octahedron of (0, F) atoms with distances Nb-{0, F)=s2.0 A. 
Neglecting the polar space group these conditions are fulfilled only if 4 (0, F) 
atoms, here called (0, F)i, are situated at the poaitions ±002 with »«0.12, and 
4 (0, F) atoms, (0, F)^, at the positions OjO, JOO. Assuming the distance (0,F)- 
(0, F) to be ^ 2.5 A and the distance Bi-(0, F) to be ^ 2.2 1 there is only room for 
the remaining 4 (0, F) atoms, (0, F)8, at the positions Oii, iOj. 
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The coordination and distances iti k will be: 

Bi-4 (0, F)3 =2.29 IJb-2 (0, F)i = 2;0 



Bi-4(0,F)i=2.9 
■(0,F)3=2.71 



.(0,F),- 
(0,F), 



t(0,F)8=2.9 



lTb-4(0, F)j=1.92 
(0,F),Hl(O.F)2-2.7i 
(0, F)i-4(0,F)a=2.8 



The proposed structure is given in the smmnary. Calculated and observed intensi- 
tiea for the reflexions in the Weissenberg photographs are given in Table 3. Jcaic is 
derived as foIlowB: 



l + eos«2 0 



gg-ja where J = 2/ cos 27r(Ax+ fty+Zz). 



The lines of Tnaximmn absorption in the Weissenberg photographs (see B) are 
indicated by dotted hnea in Table 3. If the absorption effects are taJcen into account, 
the agreement between c^culated and observed intensities is quite good. 
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Discussion of the structure 

^I^^ ^^'-5? ^*?^J^^ ^ assumed to occupy such a positiJJ 

that the distance Bi-4 0,F)i is as smaU as possible rz(O.F{=015 (0^\% 
(0 F)3=2.5,N1,-2(0,F) =2.5 Bi-4(0,B^,=2.?], the i^ce Bi^ 
stm be much loDser than the distance Bi-^ (0,F);,. It therefoie s^ei^ S 
propnate to descnbe the structure of BiaNbOjF as being built up of Bi,ro ^1 
layers alternating with octahedral layers having the compositioii Nb (0 fV hS 

of Big(0 F)a Nb (0, F)^ is basically of the same type as the 'X structures". Me Ori^ 
previously investigated by SiLLfor (6). Thusthe octahedTalsheet8Nb(0, F), correJno^^' 
to single layers of halogen atoms, X, in Me^O^.. ■ ■■ 

Discussion of the distribution of the 0 and the F atoms ;;m 

As seen above, the distance Bi-4(0, F)^ is 2.29 A for Bi^NbOsF. For Bi»TiO 
the corresponding distance is calculated to be 2.26 ±0.06 A. These distances 
very nearly the same as the corresponding distances, Bi-4 0, within the Bi,0 ''^ 
layers of oth«r bianuth oxicompounds (6). This need not, however, necessarily nSa' ^ 
that tiie Bij(0, F)j layers (see the figure) are free from F atoms, since compounds 
with Bia(0, F)g layers which certainly contain F atoms have not been investigated 
hitherto, and thus the distances within such layers are unknown. ^ 

For the present it seems therefore best to make no special assumptions as to the 
distnbution of the 0 and F atoms. ^ 



,: Bd. 5(1 
edited b 



9 u jntaAXi z 

The crystal structure of BissNbOgF has been investigated by means of Weissenberg 
^o^'^®' photographs. From powder photographs the compounds BigTaOgF and- 
BijTiOiFa have been found to be isomorphous with BiaNbOgF. The following struc- 
ture is proposed for BisNbOjF: "-6 V 

(000,iH) + 
2Nb in 2 (a): 000 

4Bi in4(e):±b0z 2=0.325+0.001 
4(0,F)iin4(c):OiO, iOO 

4 (0, F)a ia 4 (e) : +OO2: 2=0.12+0.01 
4(O.F)3in4(d):0li, iOi 

The cell dimensions are c=3.836 A, c=16.63 A for Bi^OgF. The positions of 
the metal atoms were determined from the diffraction data, those of the (0, F) 
atoms from space considerations. Although it does not seem improbable that 0 atoms 
alone occupy the positions OH. iOi. Bi and 0 thus forming Bi^O. layers as 
m other bisrauth oxicompounds, nothing can be definitely stated as to the distribu- 
tion of the 0 and F atoms. 

The structure is built up of quadratic Bij{0, F)^ layers alternating with octahedral 
sheets having the composition M)(0, F)^ (see figure) and the formula might thus 
be wntten: Bia(0, F)jNb(0, F)^. The structure is formaUy related to a series of 
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■ ."previouBly investigated struotuxes of general formula Me^Oj (Me^^^RJ^^ 
/represents tte simplest case of this series, i.e. m=l. " " 
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Perovskite and Cuprate 
Crystallographic Structures 



I. INTRODUCTION 

Chapter 3 shows that the majority of 
single-element crystals have highly sym- 
metrical structures, generally fee or bcc, in 
which their physical properties are the 
same along the three crystallographic di- 
rections X, y, and z. The NaCl-type and 
^15 compounds are also cubic. Some com- 
pounds do have lower symmetries, showing 
that superconductivity is compatible with 
many different types of crystallographic 
structure, but higher symmetries are cer- 
tainly more common. In this chapter we 
will describe the structures of the high- 
temperature superconductors, almost all of 
which are tetragonal or orthorhombic. 

In Chapter 3, we also gave some exam- 
ples of the role played by structure in 
determining the properties of supercon- 
ductors. The highest transition tempera- 



tures in alloys of transition metals are at 
the boundaries of instability between the 
bcc and hep forms. The NaCl-type com- 
pounds have ordered vacancies on one or 
another lattice site. The magnetic and su- 
perconducting properties of the Chevrel 
phases depend on whether the large mag- 
netic cations (i.e., positive ions) occupy 
eightfold sites surrounded by chalcogenide 
ions or whether the small magnetic ions 
occupy octahedral sites surrounded by Mo 
ions. 

The structures described here are held 
together by electrons that form ionic or 
covalent bonds between the atoms. No ac- 
count is taken of the conduction electrons, 
which are delocalized over the copper ox- 
ide planes and form Cooper pairs respon- 
sible for the superconducting properties 
below T^. The following chapter will be 
devoted to explaining the role of these 
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conduction electrons within the frame- 
works of the Hubbard model and band 
theory. Whereas the present chapter de- 
scribes atom positions in coordinate space, 
the following chapter relies on a reciprocal 
lattice elucidation of these same materials. 

We begin with a description of per- 
ovskite and explain some reasons that per- 
ovskite undergoes various types of distor- 
tions. This prototype exhibits a number 
of characteristics that are common to 
the high-temperature superconducting 
cuprates (see Section V). We will empha- 
size the structural commonalities of these 
materials and make frequent comparisons 
between them. Our earlier work (Poole et 
al., 1988) and the comprehensive review by 
Yvon and Frangois (1989) may be con- 
sulted for more structural detail on the 
atom positions, interatomic spacings, site 



cubic: 
tetragonal: 



and thallium high temperature supercon- 
ductors (Medvedeva et al., 1993). 

We assume that all samples are well 
made and safely stored. Humidity can af- 
fect composition, and Garland (1988) found 
that storage of YBajCujO,,^ in 98% 
humidity exponentially decreased the dia- 
magnetic susceptibility with a time con- 
stant of 22 days. 



II. PEROVSKITES 

Much has been written about the 
high-temperature superconductors being 
perovskite types, so we will begin by de- 
scribing the structure of perovskites. The 
prototype compound barium titanate, 
BaTiOj, exists in three crystallographic 
forms with the following lattice constants 
and unit cell volumes (Wyckoff, 1964): 



= 6 = c = 4.0118A 

= i> = 3.9947, c = 4.0336 



K= 64.57 



(7.1) 



ort/iorhombic: a = 4.009\^ A,b = 4.018\/2 A, c = 3.990 A K= 2(64.26) A^ 



symmetries, etc., of these compounds. 
There have been reports of superconduc- 
tivity in certain other cuprate structures 
(e.g., Murphy et al, 1987), but these will 
not be reported on in this chapter. 

There is a related series of layered 
compounds Bi202(M„_,/?„03„ + ,) called 
Aurivillius (1950, 1951, 1952) phases, with 
the 12-coordinated M = Ca, Sr, Ba, Bi, Pb, 
Cd, La, Sm, Sc, etc., and the 6-coordinated 
transition metal /? = Nb, Ti, Ta, W, Fe, 
etc. The m = \ compound BijNbO^ be- 
longs to the same tetragonal space group 
U/mmm, DH as the lanthanum, bismuth. 



For all three cases the crystallographic axes 
are mutually perpendicular. We will com- 
ment on each case in turn. 

A. Cubic Form 

Above 20rC barium titanate is cubic 
and the unit cell contains one formula unit 
BaTiOj with a titanium atom on each apex, 
a barium atom in the body center, and an 
oxygen atom on the center of each edge of 
the cube, as illustrated in Fig. 7.1. This 
corresponds to the barium atom, titanium 
atom, and three oxygen atoms being placed 
in positions with the following x, y, and z 
coordinates: 



Esite: Ti 
Fsite: O 



(0>0,0) Ti on apex 

(0,0, i); (0,i,0); (^,0,0) three oxygens 

centered on edges 
^I'l'i) Ba in center. 



(7.2) 
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Figure 7.1 Barium titanate (BaTiOj) perovskite 
cubic unit cell showing titanium (small black circles) 
at the vertices and oxygen (large white circles) at the 
edge-centered positions. Ba, not shown, is at the body 
center position (Poole et al., 1988, p. 73). 



The barium in the center has 12 nearest- 
neighbor oxygens, so we say that it is 12- 
fold coordinated, while the titanium on 
each apex has 6-fold (octahedral) coordi- 
nation with the oxygens, as may be seen 
from the figure. (The notation E for edge, 
F for face, and C for center is adopted for 
reasons that will become clear in the dis- 
cussion which follows.) Throughout this 
chapter we will assume that the z-axis is 
oriented vertically, so that the x and y 
axes lie in the horizontal plane. 

Ordinarily, solid-state physics texts 
place the origin (0,0,0) of the perovskite 
unit cell at the barium site, with titanium 
in the center and the oxygens at the cen- 
ters of the cube faces. Our choice of origin 
facilitates comparison with the structures 
of the oxide superconductors. 

This structure is best understood in 
terms of the sizes of the atoms involved. 
The ionic radii of O^" (1.32 A) and Ba^^ 
(1.34 A) are almost the same, as indicated 
in Table 7.1, and together they form a 
perfect fee lattice with the smaller Ti"*"^ 
ions (0.68 A) located in octahedral holes 
surrounded entirely by oxygens. The octa- 
hedral holes of a close-packed oxygen lat- 
tice have a radius of 0.545 A; if these holes 
were empty the lattice constant would be 
a = 3.73 A, as noted in Fig. 7.2a. Each 
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titanium pushes the surrounding oxygens 
outward, as shown in Fig. 7.2b, thereby 
increasing the lattice constant. When the 
titanium is replaced by a larger atom, the 
lattice constant expands further, as indi- 
cated by the data in the last column of 
Table 7.2. When^Ba is replaced ^by the 
smaller Ca (0.99 A) and Sr (1.12 A) ions, 
by contrast, there is a corresponding de- 
crease in the lattice constant, as indicated 
by the data in columns 3 and 4, respec- 
tively, of Table 7.2. All three alkaline 
earths, (Ta, Sr, and Ba, appear prominently 
in the structures of 3 high-temperature 
superconductors. 

B. Tetragonal Form 

At room temperature barium titanate 
is tetragonal and the deviation from cubic, 
{c-a)/\{c + a\ is about 1%. All of the 
atoms have the same x, y coordinates as in 
the cubic case, but are shifted along the 
z-axis relative to each other by = 0.1 A, 
producing the puckered arrangement 
shown in Fig. 7.3. The distortions from the 
ideal structure are exaggerated in this 
sketch. The puckering bends the Ti-O-Ti 
group so that the Ti-O distance increases 
while the Ti-Ti distance remains almost 



Tabic 7.1 Ionic Radii for Selected 
Elements" 



Small 


Cu2+ 


0.72 A 


Bi'^ 


0.74 A 


Small- 


Cu* 


0.96 A 


Y3. 


0.94 A 


Medium 












Bi'^ 


0.96 A 


T,3 + 


0.95 A 






0.99 A 


Bi^^ 


0.96 A 




Nd^^ 


0.995 A 






Medium- 


Hg^- 


LlOA 




L14A 


Large 


Sr^^ 


L12A 


La^-' 




Pb^-' 


L20A 


Ag" 


L26A 


Large . 




L33 A 




1.32 A 




Ba^* 


L34A 


F" 


1.33 A 



° See Table VI-2 of Poole et al. (1988) for a 



more extensive list. 



776 



7 PEROVSKITE AND CUPRATE CRYSTALLOCRAPHIC STRUCTURES 




(b) 



Figure 7.2 Cross section of the perovskite unit cell 
in the 2 = 0 plane showing (a) the size of the octahe- 
dral hole (shaded) between oxygens (large circles), 
and (b) oxygens pushed apart by the transition ions 
(small circles) in the hole sites. For each case the 
lattice constant is indicated on the right and the 
oxygen and hole sizes on the left (Poole et al., 1988, 
p. 77). 




Figure 7.3 Perovskite tetragonal unit cell showing 
puckering of Ti-O layers that are perfectly flat in the 
cubic cell of Fig. 7.1. The notation of Fig. 7.1 is used 
(Poole et al., 1988, p. 75). 



the same. This has the effect of providing 
more room for the titanium atoms to fit in 
their lattice sites. We will see later that a 
similar puckering distortion occurs in the 
high-temperature superconductors as a way 
of providing space for the Cu atoms in the 
planes. 

C. Orthorhombic Form 

There are two principal ways in which 
a tetragonal structure distorts to form an 
orthorhombic phase. The first, shown at 



Table 7.2 Dependence of Lattice Constants a of Selected 
Perovskites AMOr^ on Alkaline Earth A and Ionic Radius of 
Transition Metal Ion M + ^ the Alkaline Earth Ionic Radii 
are 0.99 A (Ca), 1 .12 A (Sr), and 1.34 A (Ba)" 



Transitional 
metal 


Transitional metal 
radius, A 


Lattice constant a, A 
Ca Sr Ba 


Ti 


0.68 


3.84 . 


3.91 4.01 


Fe 






3.87 4.01 


Mo 


0.70 




3.98 4.04 


Sn 


0.71 


3.92 


4.03 4.12 


Zr 


0.79 


4.02 


4.10 4.19 


Pb 


0.84 




— 4.27 


Ce 


0.94 


3.85 


4.27 4.40 


Th 


1.02 


4.37 


4.42 4.80 



Data from Wyckoff (1964, pp. 391ff). 
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the top of Fig. 7.4, is for the 6-axis to 
stretch relative to the a-axis, resulting in 
the formation of a rectangle. The second, 
shown at the bottom of the figure, is for 
one diagonal of the ab square to stretch 
and the other diagonal to compress, result- 
ing in the formation of a rhombus. The 
two diagonals are perpendicular, rotated 
by 45° relative to the original axes, and 
become the a', b' dimensions of the new 
orthorhombic unit cell, as shown in Fig. 
7.5. These a',b' lattice constants are = yfl 
times longer than the original constants, so 
that the volume of the unit cell roughly 
doubles; thus, it contains exactly twice as 
many atoms. (The same factor appears 
in Eq. 7.1 in our discussion of the lattice 
constants for the orthorhombic form of 
barium titanate.) 

When barium titanate is cooled below 
5°C it undergoes a diagonal- or rhombal- 
type distortion. The atoms have the same z 
coordinates (z = 0 or \) as in the cubic 
phase, so the distortion occurs entirely in 
the x,>'-plane, with no puckering of the 
atoms. The deviation from tetragonality, as 




Figure 7.4 Rectangular- (top) and rhombal- (bot- 
tom) type distortions of a two-dimensional square 
unit cell of width a (Poole et al., 1989). 
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Figure 7.5 Rhombal expansion of monomolecular 
tetragonal unit cell (small squares, lower right) to 
bimolecular orthorhombic unit cell (large squares) 
with new axes 45° relative to the old axes. The atom 
positions are shown for the z = 0 and 2 = i layers 
(Poole et al., 1988, p. 76). 



given by the percentage of anisotropy, 

m\b-a\ 

%ANlS=-r- ^ = 0.22%, (7.3) 

2\b + a) 

is less than that of most orthorhombic 
copper oxide superconductors. We see 
from Fig. 7.5 that in the cubic phase the 
ojqrgen atoms in the z = 0 plane are sepa- 
rated by 0.19 A. The rhombal distortion 
increases this O-O separation in one di- 
rection and decreases it in the other, in 
the manner indicated in Fig. 7.6a, to pro- 
duce the Ti nearest-neighbor configuration 
shown in Fig. 7.6b. This arrangement helps 
to fit the titanium into its lattice site. 

The transformation from tetragonal to 
orthorhombic is generally of the rhombal 
type for (Lai_,Sr,)2Cu04 and of the recti- 
linear type for YBajCujO^,^. 
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usefulness of this labeling scheme will be 
clarified in Section V. 

This completes our treatment of the 
structure of perovskite. We encountered 
many features that we will meet again in 
the analogous superconductor cases, and 
established notation that will be useful in 
describing the structure of the cuprates. 
However, before proceeding we present 
details about a cubic and a close-to-cubic 
perovskite superconductor in the following 
two sections. 



(b) 




Figure 7.6 Shift of the oxygens in the a, fc-plane 
around the titanium atom of perovskite from the 
room-temperature tetragonal (and cubic) configura- 
tion (a) to the rhombal configuration (b) of its low- 
temperature orthorhombic structure. 



D. Planar Representation 

Another way of picturing the structure 
of perovskite is to think of the atoms as 
forming horizontal planes. If we adopt the 
notation [E F C] to designate the occupa- 
tion of the E, F, and C sites, the sketches 
of perovskite presented in Figs. 7.1 and 7.3 
follow the scheme 

z = 1 [Ti02-] Ti at E, O at two F sites 

z = \ [O-Ba] O at E, Ba at C 

z = 0 [Ti02-] Ti at E, O at two F sites. 

(7.4) 

The planes at the heights 2 = 0, |, and 1 
can be labeled using this notation. The 



III. CUBIC BARIUM POTASSIUM 
BISMUTH OXIDE 

The compound 

Ba,_,K^Bi03.,, 

which forms for x > 0.25, crystallizes in the 
cubic pervoskite structure with a = 4.29 A 
(Cava et ai, 1988; Jin et al., 1992; Mattheiss 
et al., 1988). ions replace some of the 
Ba^* ions in the C site, and Bi ions occupy 
the E sites of Eq. (7.2) (Hinks et al, 1988b; 
Kwei et al., 1989; Pei et al, 1990; Salem- 
Sugui et al, 1991; Schneemeyer et al, 
1988). Some oxygen sites are vacant, as 
indicated by y. Hinks et al (1989) and Pei 
et al. (1990) determined the structural 
phase diagram (cf. Kuentzler et al, 1991; 
Zubkus et al, 1991). We should note from 
Table 7.1 that^the potassium (1.33 A) and 
barium (1.32 A) ions are almost the same 
size, and that Bi^^ (0.74 A) is close to 
Ti"*^ (0.68 A). Bismuth represents a mix- 
ture of the valence states Bi-'^ and Bi^^ 
which share the Ti"^ site in a proportion 
that depends on x and y. The larger size 
(0.96 A) of the Bi'^ ion causes the lattice 
constant a to expand 7% beyond its cubic 
BaTiOj value. Oxygen vacancies help to 
compensate for the larger size of Bi^^. 

It is noteworthy that Ba,__,K_,Bi03_y 
becomes superconducting at a tempera- 
ture (=40 K for x = 0.4) that is higher 
than the of all of the ^415 compounds. 
This compound, which has no copper, has 
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been widely studied in the quest for clues 
that would elucidate the mechanism of 
high-temperature superconductivity. Fea- 
tures of Ba,_^K_^Bi03_^, such as the fact 
that it contains a variable valence state ion 
and utilizes oxygen vacancies to achieve 
charge compensation, reappear in the 
high-temperature superconducting com- 
pounds. 



IV. BARIUM LEAD BISMUTH OXIDE 

In 1983 Mattheiss and Hamann re- 
ferred to the 1975 "discovery by Sleight et 
al. of high-temperature superconductivity" 
in the compound BaPb,_^Bi_j03 in the 
composition range 0.05 <x< 0.3 with 
up to 13 K. Many consider this system, 
which disproportionates 2Bi** -» Bi^^ -J- 
Bi^^ in going from the metallic to the 
semiconducting state, as a predecessor to 
the LaSrCuO system. 

The metallic compound BaPbOj is a 
cubic perovskite with the relatively large 
lattice constant (Wyckoff, 1964; cf. Nitta et 
al., 1965; Shannon and Bierstedt, 1970) 
listed in Table 7.3. At room temperature 
semiconducting BaBiOj is monoclinic 
{a^b^c/yfl, /3 = 90.17°), but close to 
orthorhombic (Chaillout et al., 1985; Cox 
and Sleight, 1976, 1979; cf. Federici et al, 
1990; Jeon et al, 1990; Shen et al, 1989). 
These two compounds form a solid solu- 
tion series BaPb,__jBi_,03 involving cubic, 
tetragonal, orthorhombic, and monoclinic 
modifications. Superconductivity appears in 
the tetragonal phase, and the metal-to- 
insulator transition occurs at the tetrag- 
onal-to-orthorhombic phase boundary jc = 
0.35 (Gilbert et al, 1978; Koyama and 
Ishimaru, 1992; Mattheiss, 1990; Mattheiss 
and Hamann, 1983; Sleight, 1987; cf. Ban- 
sil et al, 1991; Ekino and Akimitsu, 1989a, 
b; Papaconstantopoulous et al, 1989). 

The compound resembles 

Ba,_^K,Bi03_^ 



with its variable Bi valence states, but it 
differs in not exhibiting superconductivity 
in the cubic phase. 



V. PEROVSKITE-TVPE 
SUPERCONDUCTING STRUCTURES 

In their first report on high-tempera- 
ture superconductors Bednorz and Miiller 
(1986) referred to their samples as 
"metallic, oxygen-deficient . . . perovskite- 
like mixed-valence copper compounds." 
Subsequent work has confirmed that the 
new superconductors do indeed possess 
these characteristics. 

In the oxide superconductors Cu^"^ re- 
places the Ti'*'^ of perovskite, and in most 
cases the TiOj-perovskite layering is re- 
tained as a CuOj layering with two o;^- 
gens per copper. Because of this feature of 
CuOj layers, which is common to all of the 
high-temperature superconductors, such 
superconductors exhibit a uniform lattice 
size in the a, 6-plane, as the data in Table 
7.3 demonstrate. The compound BaCu03 
does not occur because the Cu"* ion does 
not form, but this valence constraint is 
overcome by replacement of Ba^"^ by a 
trivalent ion, such as La''"^ or Y^"^, by a 
reduction in the oxygen content, or by 
both. The result is a set of "layers" con- 
taining only one oxygen per cation located 
between each pair of CuOj layers, or none 
at all. Each high-temperature supercon- 
ductor has a unique sequence of layers. 

We saw from Eq. (7.2) that each atom 
in perovskite is located in one of three 
types of sites. In like manner, each atom at 
the height z in a high-temperature super- 
conductor occupies either an Edge (E) site 
on the edge (0, 0, z), a Face (F) site on the 
midline of a face ((0,|,z) or (|,0, z) or 
both), or a Centered ; (C) site centered ' 
within the unit cell on the z-axis (|,|,z). 
The site occupancy notation [E F C] is 
used because many cuprates contain a suc- 
cession of [Cu O2 -] and [- O2 Cu] lay- 
ers in which the Cu atom switches between 
edge and centered sites, with the oxygens 
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Figure 7.7 Types of atom positions in the layers of 
a high-temperature superconductor structure, using 
the edge, face, center notation [E F Cl Typical site 
occupancies are given in the upper right (Poole et al., 
1989). 



remaining at their face positions. Similar 
ahemations in position take place with Ba, 
O, and Ca layers, as illustrated in Fig. 7.7. 

Hauck et al. (1991) proposed a classi- 
fication of superconducting oxide struc- 
tures in terms of the sequence (1) super- 
conducting layers [Cu 02-]and[-02 Cu], 

(2) insulating layers, such as [Y ] 

or [ Ca], and (3) hole-donating layers, 

such as [Cu O'' -] or [Bi - O]. 

The high-temperature superconductor 
compounds have a horizontal reflection 
plane ( ± to z) called a>, at the center of 
the unit cell and another o), reflection 
plane at the top (and bottom). This means 
that every plane of atoms in the lower half 
of the cell at the height z is duplicated in 
the upper half at the height 1-2. Such 
atoms, of course, appear twice in the unit 
cell, while atoms right on the symmetry 
planes only occur once since they cannot 
be reflected. Figure 7.8 shows a [Cu O2 -] 
plane at a height z reflected to the height 
1-z. Note how the puckering preserves the 
reflection symmetry operation. Supercon- 
ductors that have this reflection plane, but 
lack end-centering and body-centering op- 




Figure 7.8 Unit cell of YBa^CujO, showing the molecular 
groupings, reflection plane, and layer types. 
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erations (see Section VII), are called 
aligned because all of their copper atoms 
are of one type; either all on the edge 
(0,0,2) in E positions or all centered 
(|, 5, z) at C sites. In other words, they all 
lie one above the other on the same verti- 
cal lines, as do the Cu ions in Fig. 7.8. 



VI. ALIGNED YBa2Cu307 



1991; see also Schuller et ai, 1987). Con- 
sidered as a perovskite derivative, it can be 
looked upon as a stacking of three per- 
ovskite units BaCuOj, YCuOj, and 
BaCuOj, two of them with a missing oxy- 
gen, and this explains why c = 3fl. It is, 
however, more useful to discuss the com- 
pound from the viewpoint of its planar 
structure. 



The compound YBajCujOy, some- 
times called YBaCuO or the 123 com- 
pound, in its orthorhombic form is a 
superconductor below the transition tem- 
perature 7; ~ 92 K. Figure 7.8 sketches the 
locations of the atoms, Fig. 7.9 shows the 
arrangement of the copper oxide planes, 
Fig. 7.10 provides more details on the unit 
cell, and Table 7.4 lists the atom positions 
and unit cell dimensions (Beno et ai, 1987; 
Capponi et al., 1987; Hazen et al., 1987; 
Jorgensen et al, 1987; Le Page et al., 1987; 
Siegrist et al., 1987; Yan and Blanchin, 



A. Copper Oxide Planes 

We see from Fig. 7.9 that three planes 
containing Cu and O are sandwiched be- 
tween two planes containing Ba and O and 
one plane containing Y. The layering 
scheme is given on the right side of Fig. 
7.8, where the superscript & on O indicates 
that the oxygen lies along the fe-axis, as 
shown. The atoms are puckered in the two 

[Cu O2 -] planes that have the [ Y] 

plane between them. The third copper ox- 
ide plane [Cu O'' -], often referred to as 




Figure 7.9 Layering scheme of orthorhombic YBajCujO, with the puckering indi- 
cated. The layers are perpendicular to the c-axis (Poole et ai, 1988, p. 101). 




Figure 7.10 Sketches of the superconducting orthorhombic (left) 
and nonsuperconducting tetragonal (right) YBaCuO unit cells. Ther- 
mal vibration ellipsoids are shown for the atoms. In the tetragonal 
form the oxygen atoms are randomly dispersed over the basal plane 
sites (Jorgensen et al., 1987a, b; also see Schuller et al., 1987). 



Table 7.4 Normalized Atom Positions in the 
YBa2Cu307 Orthorhombic Unit Cell (dimensions 
a=3.83 A, 6=3.88 A, and c=11.68A) 



Layer 
[Cu O -] 

[O - Ba] 

[Cu O2 -] 
[--Y] 
[Cu O2 -] 

[O - Ba] 
[Cu O -] 



Atom 

Cud) 

CXI) 
0(4) 



Cu(2) 
0(3) 
0(2) 



0(2) 
0(3) 
Cu(2) 



0<4) 
CXI) 



0.8432 

0.8146 

0.6445 
0.6219 
0.6210 



0.3790 
0.3781 
0.3555 

0.1854 

0.1568 



184 7 PEROV5 

"the chains," consists of -Cu-O-Cu-O- 
chains along the b axis in hnes that are 
perfectly straight because they are in a 
horizontal reflection plane o),; where no 
puckering can occur. Note that, according 
to the figures, the copper atoms are all 
stacked one above the other on edge (E) 
sites, as expected for an aligned-type su- 
perconductor. Both the copper oxide 
planes and the chains contribute to the 
superconducting properties. 

B. Copper Coordination 

Now that we have described the planar 
structure of YBaCuO it will be instructive 
to examine the local environment of each 
copper ion. The chain copper ion Cu(l) is 
square planar-coordinated and the two 
coppers Cu(2) and Cu(3) in the plane ex- 
hibit fivefold pyramidal coordination, as 
indicated in Fig. 7.11. The ellipsoids at the 
atom positions of Fig. 7.10 provide a meas- 
ure of the thermal vibrational motion 
which the atoms experience, since the am- 
plitudes of the atomic vibrations are indi- 
cated by the relative size of each of the 
ellipsoids. 

C. Stacking Rules 

The atoms arrange themselves in the 
"various planes in such a way as to enable 
them to stack one above the other in an 
efficient manner, with very little interfer- 
ence from neighboring atoms. Steric ef- 
fects prevent large atoms such as Ba (1.34 
A) and O (1.32 A) from overcrowding a 
layer or from aligning directly on top of 
each other in adjacent layers. In many 
cuprates stacking occurs in accordance with 
the following two empirical rules: 

1. Metal ions occupy either edge or cen- 
tered sites, and in adjacent layers al- 
ternate between E and C sites. 

2. Oxygens are found in any type of site, 
but they occupy only one type in a 
particular layer, and in adjacent layers 
they are on different types of sites. 
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YBajCUjOy 

Figure 7.11 Stacking of pyramid, square-planar, 
and inverted pyramid groups along the c-axis of or- 
thorhombic YBa2Cu307 (adapted from Poole et al., 
1988, p. 100). 



Minor adjustments to make more room 
can be brought about by puckering or by 
distorting from tetragonal to orthorhom- 
bic. 



D. Crystallographic Phases 

The YBajCujOy.g compound comes 
in tetragonal and orthorhombic varieties, 
as shown in Fig. 7.10, and it is the latter 
phase which is ordinarily superconducting. 
In the tetragonal phase the oxygen sites in 
the chain layer are about half occupied 



VI. ALIGNED YBajCujO; 

in a random or disordered manner, and in 
the orthorhombic phase are ordered into 
-Cu-0- chains along the b direction. The 
oxygen vacancy along the a direction 
causes the unit cell to compress slightly so 
that a <b, and the resulting distortion is 
of the rectangular type shown in Fig. 7.4a. 
Increasing the oxygen content so that 5 < 0 
causes oxygens to begin occupying the va- 
cant sites along a. Superlattice ordering of 
the chains is responsible for the phase that 
goes superconducting at 60 K. 

YBaCuO is prepared by heating in the 
750-900°C range in the presence of vari- 
ous concentrations of oxygen. The com- 
pound is tetragonal at the highest temper- 
atures, increases its oxygen content 
through oxygen uptake and diffusion 
(Rothman et al., 1991) as the temperature 
is lowered, and undergoes a second-order 
phase transition of the order-disorder type 
at about 700°C to the low-temperature or- 
thorhombic phase, as indicated in Fig. 7.12 



Temperature (K) 



8 

M 0.4 




Temperature {°C) 

Figure 7.12 Fractional occupancies of the (y.O.O) 
(bottom) and (0,j,0) (top) sites (scale on left), and 
the oxygen content parameter S (center, scale on 
right) for quench temperatures of YBaCuO in the 
range 0-1000°C. The 5 parameter curve is the aver- 
age of the two site-occupancy curves (adapted from 
Jorgensen ei al., 1987a; also see SchuUer et al., 1987; 
see also Poole el al., 1988). 
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(Jorgensen et al., 1987, 1990; Schuller et 
al, 1987; cf. Beyers and Ahn, 1991; 
Metzger et al, 1993; Fig. 8). Quenching by 
rapid cooling from a high temperature can 
produce at room temperature the tetrago- 
nal phase sketched on the right side of Fig. 
7.10, and slow annealing favors the or- 
thorhombic phase on the left. Figure 7.12 
shows the fractional site occupancy of the 
oxygens in the chain site (0,^,0) as a func- 
tion of the temperature in an oxygen at- 
mosphere. A sample stored under sealed 
conditions exhibited no degradation in 
structure or change in four years later 
(Sequeira etal., 1992). Ultra-thin films tend 
to be tetragonal (Streiffer et al., 1991). 

E. Charge Distribution 

Information on the charge distribu- 
tions around atoms in conductors can be 
obtained from knowledge of their energy 
bands (see description in Chapter 8). This 
is most easily accomplished by carrying out 
a Fourier-type mathematical transforma- 
tion between the reciprocal k^,ky, A:^-space 
(cf. Chapter 8, Section II) in which the 
energy bands are plotted and the coordi- 
nate X, y, z-space, where the charge is dis- 
tributed. We will present the results 
obtained for YBa2Cu307 in the three ver- 
tical symmetry planes (x,z, y,z, and diago- 
nal), all containing the z-axis through the 
origin, shown shaded in the unit cell of 
Fig. 7.13. 

Contour plots of the charge density of 
the valence electrons in these planes are 
sketched in Fig. 7.14. The high density at 
the Y^^ and Ba^^ sites and the lack of 
contours around these sites together indi- 
cate that these atoms are almost com- 
pletely ionized, with charges of -1-3 and 
-1-2, respectively. It also shows that these 
ions are decoupled from the planes above 
and below. This accounts for the magnetic 
isolation of the Y site whereby magnetic 
ions substituted for yttrium do not inter- 
fere with the superconducting properties. 
In contrast, the contours surrounding the 
Cu and O ions are not characteristic of an 




Figure 7. J 3 TTiree vertical crystallographic planes 
U.z-, y,z-, and diagonal) of a tetragonal unit cell of 
YBa^CujO,, and standard notation for the four crys- 
tallographic directions. 




<110> 



<010> 



Figure 7.14 Charge density in the three symmetry 
planes of YBaCuO shown shaded in Fig. 7.13. The x 
z, diagonal and the y, z planes are shown from left to 
right, labeled <100>, <110>, and (010), respectively 
These results are obtained from band structure calcu- 
lations, as will be explained in the following chapter 
(Krakauer and Pickett, 1988). 
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ordinary ionic compound. The short Cu-0 
bonds in the planes and chains (1.93-1.96 
A) increase the charge overlap. The least 
overlap appears in the Cu(2)-0(4) vertical 
bridging bond, which is also fairly lone 
(2.29 A). The Cu, O charge contours can 
be represented by a model that assigns 
charges of + 1.62 and -1.69 to Cu and O 
respectively, rather than the values of 
+ 2.33 and -2.00 expected for a standard 
ionic model, where the charge -f 2.33 is an 
average of +2, -f 2, and -f 3 for the three 
copper ions. Thus the Cu-0 bonds are not 
completely ionic, but partly covalent. 

F. YBaCuO Formula 



In early work the formula 
YBa2Cu309_, 
was used for YBaCuO because the proto- 
type triple peiToskite (YCu03XBaCu03)2 
has nine oxygens. Then ciystallographers 
showed that there are eight oxygen sites in 
the 14-atom YBaCuO unit cell, and the 
formula YBa2Cu308_, came into 
widespread use. Finally, structure refine- 
ments demonstrated that one of the oxy- 
gen sites is systematically vacant in the 
chain layers, so the more appropriate ex- 
pression YBa2Cu307_5 was introduced. It 
would be preferable to make one more 
change and use the formula BajYCujOy.^ 
to emphasize that Y is analogous to Ca in 
the bismuth and thallium compounds, but 
very few workers in the field do this, so we 
reluctantly adopt the usual "final" nota- 
tion. In the Bi-Tl compound notation of 
Section IX, B, Ba2YCu307_5 would be 
called a 0213 compound. We will follow 
the usual practice of referring to 
YBa2Cu307_5 as the 123 compound. 

C. YBa2Cu408 and Y2Ba,Cu70,5 

These two superconductors are some- 
times referred to as the 124 compound and 
the 247 compound, respectively. They have 
the property that for each atom at position 
Kx,y,z) there is another identical atom at 
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Figure 7.15 Crystal structure of YBa2Cu408 
showing how, as a result of the side-centering symme- 
try operation, the atoms in adjacent Cu-O chains are 
staggered along the y direction, with Cu above O and 
O above Cu (Heyen et al., 1991; modified from Cam- 
puzano el al., 1990). 
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(Bordel et al., 1988, Gupta and Gupta, 
1993). The 123 single chains can vary in 
their oxygen content, and superconductiv- 
ity onsets up to 90 K have been observed. 
This conipound has been synthesized with 
several rare earths substituted for Y 
(Morris et al., 1989b). 



VII. BODY CENTERING 

In Section V we discussed aligned-type 
superconductor structures that possess a 
horizontal plane of symmetry. Most high- 
temperature superconductor structures 
have, besides this o), plane, an additional 
symmetry operation called body centering 
whereby for every atom with coordinates 
{x,y,z) there is an identical atom with 
coordinates as determined from the follow- 
ing operation: 

x-^x±{, x-^y±\, z^z±\ (7.5) 



position ix,y+\,z-k- \). In other words, 
the structure is side centered. This prop- 
erty prevents the stacking rules of Section 
C from applying. 

The chain layer of YBa2Cu307 be- 
comes two adjacent chain layers in 
YBa2Cu408, with the Cu atoms of one 
chain located directly above or below the 
O atoms of the other, as shown in Fig. 7.15 
(Campuzano et al., 1990; Heyen et al, 
1990a, 1991; Iqbal, 1992; Kaldis etal, 1989; 
Marsh et al., 1988; Morris et al., 1989a). 
The transition temperature remains in the 
range from 40 K to 80 K when Y is re- 
placed by various rare earths (Morris et al., 
1989). The double chains do not exhibit 
the variable oxygen stoichiometry of the 
single ones. 

The other side-centered compound, 
Y2Ba4Cu7 0j5, may be considered accord- 
ing to Torardi, "as an ordered 1 : 1 inter- 
growth of the 123 and 124 compounds 

(YBa2Cu307 + YBa2Cu408 

= Y2Ba4Cu70,5)" 



Starting with a plane at the height z this 
operation forms what is called an image 
plane at the height z + | in which the 
edge atoms become centered, the centered 
atoms become edge types, and each face 
atom moves to another face site. In other 
words, the body-centering operation acting 
on a plane at the height z forms a body 
centered plane, also called an image plane, 
at the height z±\. The signs in these 
operations are selected so that the gener- 
ated points and planes remain within the 
unit cell. Thus if the initial value of z is 
greater than \, the minus sign must be 
selected, viz., z-^z-{. Body centering 
causes half of the Cu-O planes to be 
[Cu O2 -], with the copper atoms at edge 
sites, and the other half to be [- O2 Cu], 
with the copper atoms at centered sites. 

Let us illustrate the symmetry features 
of a body-centered superconductor by con- 
sidering the example of Tl2Ba2CaCu208. 
This compound has an initial plane 
[Cu O2 -] with the copper and oxygen 
atoms at the vertical positions z = 0.0540 
and 0.0531, respectively, as shown in Fig. 
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Figure 7.16 Body-centered tetragonal unit cell 
containing four puckered CuOz groups showing how 
the initial group (bottom) is replicated by reflection 
in the horizontal reflection plane (z = j), by the body 
centering operation, and by both. 



7.16. For illustrative purposes the figure is 
drawn for values of z closer to 0.1. We see 
from the figure that there is a reflected 
plane [Cu O2 -] at the height 1-z, an 
image (i.e., body centered) plane [- O2 
Cu] of the original plane at the height 
j+z, and an image plane [- O2 Cu] of 
the reflected plane (i.e., a reflected and 
body centered plane) at the height \-z. 
Figure 7.16 illustrates this situation and 
indicates how the atoms of the initial plane 
can be transformed into particular atoms 
in other planes (see Problem 5). Figure 
7.17 shows how the configurations of the 



Reflected 
Subcell H 



Reflected and 
Body Centered 
Subcell IV 



Figure 7.17 Body-centered unit cell divided into 
four regions by the reflection and body centering 
operations. 

atoms in one-quarter of the unit cell, called 
the basic subcell, or subcell I, determine 
their configurations in the other three 
subcells II, III, and IV through the sym- 
metry operations of reflection and body 
centering. 

VIII. BODY-CENTERED La2Cu04 AND 
Nd2Cu04 

The body-centered compound 
M2CUO4 

has three structural variations in the same 
crystallographic space group, namely the 
M = La and M = Nd types, and a third 
mixed variety (Xiao et ai, 1989). Table 7.5 
lists the atom positions of the first two 
types, and Fig. 7.18 presents sketches of 
the structures of all three. Each will be 
discussed in turn. 

A. Unit Cell Generation of La2Cu04 
(T Phase) 

The structure of the more common 
La2Cu04 variety, often called the T phase. 
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Table 7.5 Atom Positions in the La2Cu04 and Nd2Cu04 Structures 
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(a) T phase (b) T* phase (c) T phase 

Figure 7.18 (a) Regular unit cell ,(T phase) associated with hole-type 
(La,_^Sr^)2Cu04 superconductors, (b) hybrid unit cell (T* phase) of the hole-type 
La2_^_^i?^Sr_,Cu04 superconductors, and (c) alternate unit cell (T' phase) 
associated with electron-type (Nd,_^Ce_,)2Cu04 superconductors. The La atoms in 
the left structure become Nd atoms in the right structure. The upper part of the 
hybrid cell is T type, and the bottom is T'. The crystallographic space group is the 
same for all three unit cells (Xiao et al, 1989; see also Oguchi, 1987; Ohbayashi et 
al., 1987; Poole et al, 1988, p. 83; Tan et al., 1990). 



can be pictured as a stacking of Cu04La2 
groups alternately with image (i.e., body 
centered) 1^204^" groups along the c di- 
rection, as indicated on the left side of Fig. 
7.19 (Cavaet et al., 1987; Kinoshita et al, 
1992; Longo and Raccah, 1973; Ohbayashi 
et al, 1987; Onoda et al, 1987; ZoUiker et 
al, 1990). Another way of visualizing the 
structure is by generating it from the group 
Cui02La, comprising the layers [O-La] 
and ^[Cu -] in subcell I shown on the 
right side of Fig. 7.19 and also on the left 
side of Fig. 7.20. (The factor \ appears 
because the [Cu -] layer is shared by 
two subcells.) Subcell II is formed by re- 
flection from subcell I, and subcells III 
and IV are formed from I and II via the 
body-centering operation in the manner of 
Figs. 7.16 and 7.17. Therefore, subcells I 
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and II together contain the group 
Cu04La2' subcells III and IV together 
contain its image (body centered) counter- 
part group La204Cu. The BiSrCaCuO and 
TlBaCaCuO structures to be discussed in 
Section IX can be generated in the same 
manner, but with much larger repeat units 
along the c direction. 



B. Layering Scheme 

The La2Cu04 layering scheme con- 
sists of equally-spaced, flat CuOj layers 
with their oxygens stacked one above the 
other, the copper ions alternating between 
the (0,0,0) and {\,\,\) sites in adjacent 
layers, as shown in Fig. 7.21. These planes 
are body-centered images of each other, 
and are perfectly flat because they are 




Figure 7.19 Structure of La2Cu04 (center), showing the formula units 
(left) and the level labels and subcell types (right). Two choices of unit cell 
are indicated, the left-side type unit cell based on formula units, and the 
more common right-side type unit cell based on copper-oxide layers. 
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Figure 7.20 Layering schemes of the La2Cu04 (T, 
left) and NdjCuO^ (T', right) structures. The loca- 
tions of the four subcells of the unit cell are indicated 
in the center column. 
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reflection planes. Half of the oxygens, 0(1), 
are in the planes, and the other half, 0(2), 
between the planes. The copper is octahe- 
drally coordinated with oxygen, but the 
distance 1.9 A from Cu to 0(1) in the 
CuOj planes is much less than the vertical 
distance of 2.4 A from Cu to the apical 
oxygen 0(2), as indicated in Fig. 7.22. The 
La is ninefold coordinated to four 0(1) 
oxygens, to four 0(2) at (i, |, z) sites, and 
to one 0(2) at a (0,0, z) site. 

C. Charge Distribution 

Figure 7.23 shows contours of con- 
stant-valence charge density on a logarith- 
mic scale drawn on the back jc,z-plane 
and on the diagonal plane of the unit cell 
sketched in Fig. 7.13. These contour plots 
are obtained from the band structure cal- 
culations described in Chapter 8, Section 
XIV. The high-charge density at the lan- 
thanum site and the low charge density 
around this site indicate an ionic state 




^.21 CUO2 layers of the LajCuO^ structure showing horizontal displacement of Cu 
alternate layers. The layers are perpendicular to the c-axis (Poole ei ai, 1988, p. 87). 
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La^^. The charge density changes in a 
fairly regular manner around the copper 
and oxygen atoms, both within the CuOj 
planes and perpendicular to these planes, 
suggestive of covalency in the Cu-O bond- 
ing, as is the case with the YBazCujO, 
compound. 

D. Superconducting Structures 

The compound La2Cu04 is itself an 
antiferromagnetic insulator and must be 
doped, generally with an alkaline earth, to 
exhibit pronounced superconducting prop- 



erties. The compounds (La, _^Af^)2Cu04, 
with 3% to 15% of M = Sr or Ba replacing 
La, are orthorhombic at low temperatures 
and low M contents and are tetragonal 
otherwise; superconductivity has been 
found on both sides of this transition. The 
orthorhombic distortion can be of the rect- 
angular or of the rhombal type, both of 
which are sketched in Fig. 7.4. The phase 
diagram of Fig. 7.24 shows the tetragonal, 
orthorhombic, superconducting, and anti- 
ferromagnetically ordered regions for the 
lanthanum compound (Weber et al., 1989; 
cf. Goodenough et al, 1993). We see that 
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La2Cu04 




<100> 



<110> 



Figure 7.23 Contour plots of the charge density of 
La2Cu04 obtained from band structure calculations. 
The X, z-crystallographic plane labeled <100) is shown 
on the left and the diagonal plane labeled <110> on 
the right. The contour spacing is on a logarithmic 
scale (Pickett, 1989). 



\ Log., Sr, Cu04-y 
\ 



orthorhombic \ 

\ 



Figure 7.24 Phase diagram for hole-type 
La2_j,Sr^Cu04_j, indicating insulating (INS), antifer- 
romagnetic (AF), and superconducting (SO regions. 
Figure VI-6 of Poole et al. (1988) shows experimental 
data along the orthorhombic-to-tetragonal transition 
line. Spin-density waves (SDW) are found in the AF 
region (Weber et al., 1989). 
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the orthorhombic phase is insulating at 
high temperatures, metallic at low temper- 
atures, and superconducting at very low 
temperatures. Spin-density waves, to be 
discussed in Chapter 8, Section XIX, occur 
in the antiferromagnetic region. 

E. NdjCuO^ Compound (T' Phase) 

The rarer Nd2Cu04 structure (Skan- 
takumar et al, 1989; Sulewski et al, 1990; 
Tan et al., 1990) given on the right side of 
Fig. 7.18 and Table 7.5 has all of its atoms 
in the same positions as the standard 
La2Cu04 structure, except for the apical 
0(2) oxygens in the [0-La] and [La-O] 
layers, which move to form a [- O2 -] 

layer between [ La] and [La ]. 

These oxygens, now called 0(3), have the 
same x, y coordinate positions as the 0(1) 
oxygens, and are located exactly between 
the CuOj planes with z = { or |. We see 
from Fig. 7.18 that the CuOg octahedra 
have now lost their apical oxygens, causing 
Cu to become square planar-coordinated 
CUO4 groups. The Nd is eightfold coordi- 
nated to four 0(1) and four 0(3) atoms, 
but with slightly different Nd-O distances. 
The CuOj planes, however,, are identical 
in the two structures. Superconductors with 
this Nd2Cu04 structure are of the electron 
type, in contrast to other high-temperature 
superconductors, in which the current car- 
riers are holes. In particular, the electron 
superconductor Ndi85Ceo.i5Cu04_5 with 
= 24 K has been widely studied 
(Fontcuberta and Fabrega, 1995, a review 
chapter; Alien 1990; Alp et al., 1989b; Bar- 
lingay e/ al., 1990; Ekino and Akimitsu, 
1989a, b; Lederman et al., 1991; Luke et 
al., 1990; Lynn et al., 1990; Sugiyama et al., 
1991; Tarason et al., 1989a). Other rare 
earths, such as Pr (Lee et al., 1990) and Sm 
(Almasan et al., 1992) have replaced Nd. 

The difference of structures associated 
with different signs attached to the current 
carriers may be understood in terms of the 
doping process that converts undoped ma- 
terial into a superconductor. Lanthanum 
and neodymium are both trivalent, and in 
the undoped compounds they each con- 



(7.6) 
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tribute three electrons to 
oxygens, 

La-*La^* + 3e- 
Nd-^Nd^+ + 3e 
to produce 0^~. To form the superconduc- 
tors a small amount of La in hsi2^^4 
be replaced with divalent Sr, and some Nd 
in Nd2Cu04 can be replaced with tetra- 
valent Ce, corresponding to 

Sr -» Sr2+ + 2e- (in La2Cu04) 
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the nearby 
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Ce -> Ce"^ + 4e- (in Nd2Cu04). 



(7.7) 



preferentially occupied by the larger La 
and Sr ions, while the smaller rare earths 
R (i.e., Sm, Eu, Gd, or Tb) prefer the 
eightfold-coordinated site in the T' half- 
cell. Tan et al. (1991) give a phase diagram 
for the concentration ranges over which 
the T and T* phases are predominant. 



IX. BODY-CENTERED BiSrCaCuO 
AND TIBaCaCuO 

Early in 1988 two new superconduct- 



Thus, Sr doping decreases the number of jng systems with transition temperatures 



considerably above those attainable with 
YBaCuO, namely the bismuth- and thal- 
lium-based materials, were discovered. 
These compounds have about the same a 
and b lattice constants as the yttrium and 
lanthanum compounds, but with much 



electrons to produce hole-type carriers, 
while Ce doping increases the electron 
concentration and the conductivity is elec- 
tron type. 

There are also copper-oxide electron 
superconductors with different structures, 

such as Sri .^Nd^CuOj (Smith era/., 1991) larger unit cell dimensions along c. We 
and TlCai_^/?^Sr2Cu207_s, where i? is a will describe their body-centered struc- 
rare earth (Vijayaraghavan et al., 1989). tures in terms of their layering schemes. In 
Electron- and hole-type superconductivity the late 1940s some related compounds 
in the cuprates has been compared (Katti were synthesized by the Swedish chemist 
and Risbud, 1992; Medina and Regueiro, Bengt Aurivillius (1950, 1951, 1952). 
1990). 

A. Layering Scheme 

The Bi2Sr2Ca„Cu„ + ,06 + 2n and 
Tl2Ba2Ca„Cu„ + i06+2« 
compounds, where n is an integer, have 
essentially the same structure and the same 
layering arrangement (Barry et al., 1989; 
Siegrist et al., 1988; Torardi et al., 1988a; 
Yvon and Frangois, 1989), although there 
are some differences in the detailed atom 
positions. Here there are groupings of 
CuOz layers, each separated from the next 
by Ca layers with no oxygen. The CUO2 
groupings are bound together by interven- 
ing layers of BiO and SrO for the bismuth 
compound, and by intervening layers of 
TIO and BaO for the thallium compound. 
Figure 7.25 compares the layering scheine 
of the Tl2Ba2Ca„Cu„ + i06+2« compounds 
with n =0,1,2 with those of the lan- 
thanum and yttrium compounds. We also 
see from the figure that the groupings of 
[Cu O2 -] planes and [- O2 Cu] image 



F. La2 _ , _ y f?,SryCu04 Compounds 
(T* Phase) 

We have described the T structure of 
La2Cu04 and the T' structure of 
Kd2Cu04. The former has 0(2) 0}Q'gens 
and the latter 0(3) oxygens, which changes 
the coordinations of the Cu atoms and 
that of the La and Nd atoms as well. There 
is a hybrid structure of hole-type supercon- 
ducting lanthanum cuprates called the T* 
structure, illustrated in Fig. 7.18b, in which 
the upper half of the unit cell is the T type 
with 0(2) oxygens and lower half the T' 
type with 0(3) ojqrgens. These two vari- 
eties of halfcells are stacked alternately 
along the tetragonal c-axis (Akimitsu et 
al, 1988; Cheong et al, 1989b; Kwei et al, 
1990; Tan et al, 1990). Copper, located in 
the base of an oxygen pyramid, is 
fivefold-coordinated CuOj. There are two 
inequivalent rare earth sites; the ninefold- 
coordinated site in the T-type halfcell is 
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Figure 7.25 Layering schemes of various high-temperature superconduc- 
tors. The CUO2 plane layers are enclosed in small inner boxes, and the layers 
that make up a formula unit are enclosed in larger boxes. The Bi-Sr 
compounds Bi2Sr2Ca„Cu„ + ,Ofi+2n have the same layering schemes as their 
Tl-Ba counterparts shown in this figure. 



(i.e., body centered) planes repeat along 
the c-axis. It is these copper-oxide layers 
that are responsible for the superconduct- 
ing properties. 

A close examination of this figure 
shows that the general stacking rules men- 
tioned in Section VI.C for the layering 
scheme are satisfied, namely metal ions in 
adjacent layers alternate between edge (E) 
and centered (C) sites, and adjacent layers 
never have oxygens on the same types of 
sites. The horizontal reflection symmetry 
at the central point of the cell is evident. It 
is also clear that YBa2Cu307 is aligned 
and that the other four compounds are 
staggered. 

Figure 7.26 (Torardi et ai, 1988a) pre- 
sents a more graphical representation of 
the information in Fig. 7.25 by showing the 



positions of the atoms in their layers. The 
symmetry and body centering rules are 
also evident on this figure. Rao (1991) pro- 
vided sketches for the six compounds 
Tl„Ba2Ca„Cu„ + ,0_, similar to those in 
Fig. 7.26 with the compound containing 
one {m - 1) or two thallium layers (m = 2), 
where /i = 0,1,2, as in the Torardi et al. 
figure. 

B. Nomenclature 

There are always two thalliums and 
two bariums in the basic formula for 
Tl2Ba2Ca„Cu„ + ,06+2n. together with n 
calciums and n + \ coppers. The first three 
members of this series for « = 0, 1, and 2 
are called the 2201, 2212, and 2223 com- 
pounds, respectively, and similarly for their 
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TlaBajCuOe 



Tl2Ba2Ca2Cu30,o 



Tl2Ba2CaCu208 




Figure 7.26 Crystal structures of Tl2Ba2Ca„Cu„ + i06+2n superconducting compounds with 
n =0,1,2 arranged to display the layering schemes. The Bi2Sr2Ca„Cu„ + ,06+2„ compounds have 
the same respective structures (Torardi et al., 1988a). 



BiSr analogues Bi2Sr2Ca„Cu„ + ,06+2/.- 
Since Y in YBazCugO, is structurally 
analogous to Ca in the Tl and Bi com- 
pounds, it would be more consistent to 
write Ba2YCu307 for its formula, as 
noted in Section VI.F. In this spirit 
BazYCujO,,^ might be called the 0213 
compound, and (Lai_^M,)2Cu04_ ^ could 
be called 2001. 



C. Bi-Sr Compounds 

Now that the overall structures and 
interrelationships of the BiSr and TlBa 
high-temperature superconductors have 
been made clear in Figs. 7.25 and 7.26 we 
will comment briefly about each com- 
pound. Table 7.3 summarizes the charac- 
teristics of these and related compounds. 

The first member of the BiSr series, 
the 2201 compound with n = 0, has octa- 
hedrally coordinated Cu and T^~9 K 
(Torardi et a/., 1988b). The second mem- 



ber, Bi2(Sr,Ca)3Cu208+5, is a supercon- 
ductor with = 90 K (Subramanian et al, 
1988a; Tarascon et al, 1988b). There are 
two [Cu Oj -] layers separated from each 

other by the [ Ca] layer. The spacing 

from [Cu O2 -] to [- - Ca] is 1.66 A, 
which is less than the corresponding spac- 
ing of 1.99 A between the levels [Cu O2 -] 
and [- - Y] of YBaCuO. In both cases 
the copper ions have a pyramidal oxygen 
coordination of the type shown in Fig. 
7.11. Superlattice structures have been re- 
ported along a and b, which means that 
minor modifications of the unit cells re- 
peat approximately every five lattice spac- 
ings, as explained in Sect. IX.E. The third 
member of the series, Bi2Sr2Ca2Cu30io, 
has three CuOj layers separated from each 

other by [ Ca] planes and a higher 

transition temperature, 110 K, when doped 
with Pb. The two Cu ions have pyramidal 
coordination, while the third is square 
planar. 



IX. BODY-CENTERED BiSrCaCuO and TIBaCaCuO 

Charge-density jplots of 

BizSfjCaCujOg 

indicate the same type of covalency in the 
Cu-0 bonding as with the YBajCujO, 
and La2Cu04 compounds. They also indi- 
cate very Utile bonding between the adja- 
cent [Bi - O] and [O - Bi] layers. 

D. Tl-Ba Compounds 

The TlBa compounds 

Tl2Ba2Ca„Cu„ + i06+2n 

have higher transition temperatures than 
their bismuth counterparts (Iqbal et al., 
1989; Subramanian et al., 1988b; Torardi 
et al., 1988a). The first member of the 
series, namely Tl2Ba2CuOg with n = 0, has 

no [ Ca] layer and a relatively low 

transition temperature of ~ 85 K. The 
second member (n = 1), Tl2Ba2CaCu208, 
called the 2212 compound, with = 110 K 
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has the same layering scheme as its Bi 
counterpart, detailed in Figs. 7.25 and 7.26. 
The [Cu O2 -] layers are thicker and 
closer together than the corresponding lay- 
ers of the bismuth compound (Toby et al., 
1990). The third member of the series, 
Tl2Ba2Ca2Cu30,o, has three [Cu O2 -] 
layers separated from each other by 
[ Ca] planes, and the highest transi- 
tion temperature, 125 K, of this series of 
thallium compKJunds. It has the same cop- 
per coordination as its BiSr counterpart. 
The 2212 and 2223 compounds are tetrag- 
onal and belong to the same crystallo- 
graphic space group as La2Cu04. 

We see from the charge-density plot of 
Tl2Ba2Cu06 shown in Fig. 7.27 that Ba^"^ 
is ionic, Cu exhibits strong covalency, espe- 
cially in the Cu-O plane, and Tl also ap- 
pears to have a pronounced covalency. The 
bonding between the [Tl - O] and [O - Tl] 
planes is stronger than that between the 
[Bi - O] and [O - Bi] planes of Bi-Sr. 




0246 0246 02468 10 



[100] [100] [110] 

DISTANCE (o.u.) 
Figure 7.27 Contours of constant charge density on a logarithmic 
scale in two high-symmetry crystallographic planes of TljBajCuOj. 
Oxygen atoms CXD, CK2), and 0(3) are denoted 1, 2, and 3, 
respectively. The planar Cu-Ol binding is strongest (Hamann and 
Mattheiss, 1988; see Pickett, 1989). 
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E. Modulated Structures 

The x-ray and neutron-diffraction pat- 
terns obtained during crystal structure de- 
terminations of the bismuth cuprates 
Bi2Sr2Ca„Cu„+i06+2n exhibit weak satel- 
lite lines with spacings that do not arise 
from an integral multiple of the unit cell 
dimensions. These satelUtes have modula- 
tion periods of 21 A, 19.6 A, and 20.8 A, 
respectively, for the n = 0, 1, and 2 com- 
pounds (Li et al, 1989). Since the lattice 
constant a = 5.41 A (fo = 5.43 A) for all 
three compounds, this corresponds to a 
superlattice with unit cell of dimensions 
= 3.8fl, b, c, with the repeat unit along the 
a direction equal to ~ 3.8fl for all three 
compounds. A modulation of 4.76 has also 
been reported (Kulik et al, 1990). This 
structural modulation is called incommen- 
surate because the repeat unit is not an 
integral multiple of a. 

Substitutions dramatically change this 
modulation. The compound 

Bi2Sr2Ca,_;b(,Cu20y 

has a period that decreases from about 
4.86 for jc = 0 to the commensurate value 
4.06 for jc = 1 (Inoue et al, 1989; Tamegai 
et al., 1989). Replacing Cu by a transition 
metal (Fe, Mn, or Co) produces nonsuper- 
conducting compounds with a structural 
modulation that is commensurate with the 
lattice spacing (Tarascon et al, 1989b). A 
modulation-free bismuth-lead cuprate su- 
perconductor has been prepared (Mani- 
vannan et al, 1991). Kistenmacher (1989) 
examined substitution-induced superstruc- 
tures in YBa2(Cu,_^M^)307. Superlattices 
with modulation wavelengths as short as 
'24 A have been prepared by employing 
ultra-thin deposition techniques to inter- 
pose insulating planes of PrBazCujO, be- 
tween superconducting Cu-O layers of 
YBa2Cu307 (Jakob et al, 1991; Lowndes 
et al, 1990; Pennycook et al, 1991; Ra- 
jagopal and Mahanti, 1991; Triscone et al 
1990). Tanaka and Tsukada (1991) used 
the Kronig-Penney model (Tanaka and 
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Tsukada, 1989a, b) to calculate the quasi- 
particle spectrum of superiattices. 



F. Aligned 11- Ba Compounds 

A series of aligned thallium-based su- 
perconducting compounds that have the 
general formula TlBa2Ca„Cu„ + ,05 + 2n 
with n varying from 0 to 5 has been re- 
ported (Ihara et al, 1988; Rona, 1990). 
These constitute a series from 1201 to 
1245. They have superconducting transi- 
tion temperatures almost as high as the 
Tl2Ba2Ca„Cu„ + ,06+2n compounds. Data 
on these compounds are listed in Taible 
7.3. 

G. Lead Doping 

In recent years a great deal of effort 
has been expended in synthesizing lead- 
doped superconducting cuprate structures 
(Itoh and Uchikawa, 1989). Examples in- 
volve substituting Pb for Bi (Dou et al, 
1989; Zhengping et al, 1990), for Tl (Barry 
et al, 1989; Mingzhu et al, 1990), or for 
both Bi and Tl (Iqbal et al, 1990). Differ- 
ent kinds of Pb, Y-containing super- 
conductors have also been prepared (cf. 
Mattheiss and Hamann, 1989; Ohta and 
Maekawa, 1990; Tang et al, 1991; Tokiwa 
et al, 1990, 1991). 



X. ALIGNED HgBaCaCuO 

The series of compounds 
HgBa2Ca„Cu„ + i02«+4. 
where n is an integer, are prototypes for 
the Hg family of superconductors. The first 
three members of the family, with n = 
0,1,2, are often referred to as Hg-1201, 
Hg-1212, and Hg-1223, respectively. They 
have the structures sketched in Fig. 7.28 
(Tokiwa- Yamamoto et al, 1993; see also 
Martin et al, 1994; Putilin et al^ 1991). 
The lattice constants are a = 3.86 A for all 
of them, and c = 9.5, 12.6, and 15.7 A for 
n = 0, 1,2, respectively. The atom positions 
of the n = 1 compound are listed in Table 
7.6 (Hur et al, 1994). The figure is drawn 




Table 7.6 Normalized Atom Positions in the 



Tetragonal Unit Cell of HgB 




6Sro.]4 




Layer 


Atom 




J- 


z 




Hg 


0 


0 


1 


[Hg - -J 










0(3) 






1 




CK2) 


0 


0 


0.843 


[O - Ba] 












Ba 






0.778 




Cu 


0 


0 


0.621 


[Cu O, -] 


(Xl) 


0 




0.627 




CXI) 




0 


0.627 


[- - Ca] 


Ca, Sr 










0(1) 




0 


0.373 


[Cu O2 -1 


CXI) 


0 




0.373 




Cu 


0 


0 


0.379 




Ba 






0.222 


[O - Ba] ■ 












0(2) 


0 


0 


0.157 




CK3) 






0 


[Hg - -] 












Hg 


0 


0 


0 



Unit cell dimensions a = 3.8584 A and c = 12.6646 A, space group 
is P4/mmm, D},,. The Hg site is 91% occupied and the CX3) site 
is 11% occupied (5 = 0.11). The data are from Hur et al. (1994). 
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Figure 7.29 Schematic structure of the 
HgBajCaCuzOg+s compound which is also called 
Hg-1212 (Meng et al., 1993a). 



with mercury located in the middle layer of 
the unit cell, while the table puts Hg at the 
origin (000) and Ca in the middle (| f |). 
Figure 7.29 presents the unit cell for the 
n = 1 compound HgBazCaCuzOg+g drawn 
with Ca in the middle (Meng et al, 1993a). 
The symbol 8 represents a small excess of 
OJQ'gen located in the center of the top and 
bottom layers, at positions \ \Q and \ \\ 
which are labeled "partial occupancy" in 
the figure. If this ojq^gen were included the 
level symbol would be [Hg - O] instead of 

[Hg ]. These Hg compound structures 

are similar to those of the series 
TlBa2Ca„Cu„ + ,02„+4 mentioned above in 
Section IX.F. 

We see from Fig. 7.28 that the copper 
atom of Hg-1201 is in the center of a 
stretched octahedron with the planar oxy- 
gens 0(1) at a distance of 1.94 A, and the 
apical oxygens 0(2) of the [O - Ba] layer 
much further away (2.78 A). For n = \ 
each copper atom is in the center of the 



-[Hg--]— I 

[O-Bal 



I [CUO2-1 I 



(O-Bal 

-IH9--]— 1 



I— [Hg--1^ 

[O - Ba] 



[CUO2-I 
[--Ca] 
[CuOj-l 



[O - Ba] 

-IHg--]— I 



|— [Hg--]- 
[O-BaJ 



[CUO2-I 
I-Cal 
(CUO2-J 
[--Ca] 
[CUO2-I 



[O-Ba] 

-[Hg--1- 

HgBajCuO^ HgBajCaCUjOg HgBa^CajCUjO, 

Figure 7.30 Layering schemes of three 
HgBa2Ca„Cu„+i02„ + 4 compounds, using the nota- 
tion of Fig. 7.25. 



base of a tetragonal pyramid, and for n = 2 
the additional CuOj layer has Cu atoms 
which are square planar coordinated. The 
layering scheme stacking rules of Section 
VT.C are obeyed by the Hg series of com- 
pounds, with metal ions in adjacent layers 
alternating between edge (E) and centered 
(C) sites, and oxygen in adjacent layers 
always at different sites. We see from Table 
7.6 that the [O - Ba] layer is strongly 
puckered and the [Cu O2 -] layer is only 
slightly puckered. 

The relationships between the layering 
scheme of the HgBa2Ca„Cu„ + ,02„ + 4 
series of compounds and those of the 
other cuprates may be seen by comparing 
the sketch of Fig. 7.30 with that of Fig. 
7.25. We see that the n = 1 compound 
HgBazCaCujOe is quite similar in struc- 
ture to YBajCujO, with Ca replacing Y 
in the center and Hg replacing the chains 
[Cu O -]. More surprising is the similarity 
between the arrangement of the atoms in 
the unit cell of each 

HgBa2Ca„Cu„+,02„+4 

compound and the arrangement of the 
atoms in the semi-unit cell of the corre- 
sponding 

Tl2Ba2Ca„Cu„+i02„ + 6 



XI. BUCKMINSTERFULLEI 



compound. They are the same except for 
the replacement of the [Tl - O] layer by 
[Hg - -], and the fact that the thallium 
compounds are body centered and the Hg 
ones are aligned. 

Supercells involving polytypes with 
ordered stacking sequences of different 
phases, such as Hg-1212 and Hg-1223, 
along the c direction have been reported. 
The stoichiometry is often 

Hg2Ba4Ca3Cu50^ 
corresponding to equal numbers of the 
Hg-1212 and Hg-1223 phases (Phillips, 
1993; Schilling et al, 1993, 1994). 

Detailed structural data have already 
been reported on various Hg family com- 
pounds such as HgBa2Cu04+5 (Putlin et 
al, 1993) and the n = l compound with 
partial Eu substitution for Ca (Putlin et al, 
1991). The compound 

Pbo.7Hgo.3Sr2Ndo.3Cao.7Cu307 
has Hg in the position (0.065,0,0), slightly 
displaced from the origin of the unit cell 
(Martin et al, 1994). Several researchers 
have reported synthesis and pretreatment 
procedures (Adachi et al, 1993; Itoh et al, 
1993; Isawa 1994a; Meng, 1993b; Paran- 
thaman, 1994; Paranthaman et al, 1993). 
Lead doping for Hg has been used to 
improve the superconducting properties 
(Iqbal et al, 1994; Isawa et al, 1993; 
Martin et al, 1994). 



XI. BUCKMINSTERFULLERENES 

The compound C^o, called buckmin- 
sterfuUerene, or fullerene for short, con- 
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sists of 60 carbon atoms at the vertices of 
the dotriacontohedron (32-sided figure) 
that is sketched in Fig. 3.35 and discussed 
in Chapter 3, Section XVI. The term 
fullerene is used here for a wider class of 
compounds C„ with n carbon atoms, each 
of whose carbon atoms is bonded to three 
other carbons to form a closed surface, 
with the system conjugated such that for 
every resonant structure each carbon has 
two single bonds and one double bond. 
The smallest possible compound of this 
type is tetrahedral C4, which has the three 
resonant structures shown in Fig. 7.31. Cu- 
bic Cg is a fullerene, and we show in 
Problem 17 that it has nine resonant struc- 
tures. Icosahedral C,2 is also a fullerene, 
but octahedral Cg and dodecahedral C20 
are not because their carbons are bonded 
to more than three neighbors. These hypo- 
thetical smaller C„ compounds have never 
been synthesized, but the larger ones, such 
as Cjo, C70, C76, C78, and Cgj, have been 
made and characterized. Some of them 
have several forms, with different arrange- 
ments of polygons. Clusters of buckmin- 
sterfuUerenes, such as icosahedral (Cgo)^, 
have also been studied (T. P. Martin 
et al, 1993). 

There are several interesting geomet- 
rical characteristics of fullerenes (Chung 
and Sternberg, 1993). Since each carbon 
(vertex) joins three bonds (edges) and each 
edge has two vertices, the number of edges 
£ in a structure C„ is 50% greater than 
the number of vertices V. There is a gen- 
eral theorem in topology, called Euler's 
Theorem, that the number of faces jF of a 




Figure 7.31 The three resonant structures of the (hypothetical) tetrahedral 
compound C4. 
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This expression does not place any restric- 
tions on the number of hexagons (F^), but 
it does severely limit the number of other 
polyhedra. The two smallest hypothetical 
fullerenes, the tetrahedron and the cube, 
have no hexagons, and the larger ones 
consist of 12 pentagons (F^), from Eq. 
(7.13), and numerous hexagons. For exam- 
ple, the molecule €«, with K=60 has 12 
pentagons and 20 hexagons. Table 7.7 gives 
the geometric characteristics of the five 
Platonic solids, the solids generated by 
truncating all of their vertices, and several 
other regular polygons, most of which are 
fullerenes. The fullerenes of current inter- 
est are and larger molecules consisting 
of 12 pentagons and numerous hexagons, 
such as C70, C76, C78, and Cgz- Some have 
several varieties, such as the isomers of 
C78 with the symmetries €2^, D^, and D^^ 
(Diederich and Whetten, 1992). 

The outer diameter of the C^o 
molecule is 7.10 A and its van der Waals 
separation is 2.9 A, so that the nearest- 
neighbor distance (effective diameter) in a 



Table 7.7 Characteristics of Several Regular Solids" 



Figure 


Vertices 


Edges 


Faces 


Face (polygon) type 


Tetrahedron 


4 


6 


4 


all equilateral triangles 


Octahedron* 


6 


12 


8 


all equilateral triangles 


Cube 


8 


12 


6 


all squares 


Icosahedron'' 


12 


30 


20 


all equilateral triangles 


Dodecahedron 










(pentagonal) 


20 


30 


12 


all regular pentagons 


Hexadecahedron 


28 


42 


16 


12 pentagons, 4 hexagons 


Truncated tetrahedron 


12 


18 


8 


4 equilateral triangles, 4 hexagons 


Truncated octahedron 


24 


36 


14 


6 squares, 8 hexagons 


Truncated cube 


24 


36 


14 


8 equilateral triangles, 6 octagons 


Dotriacontohedron 








12 regular pentagons, 20 hexagons 


(truncated icosahedron) 


60 


90 


32 


Truncated dodecahedron 


60 


90 


32 


20 equilateral triangles, 12 decagons 


Heptatriacontohedron 


70 


105 


37 


12 pentagons (2 regular), 25 hexagons 


Tetracontahedron 


76 


114 


40 


12 pentagons, 28 hexagons 


Hentetracontohedron 


78 


116 


41 


12 pentagons, 29 hexagons 


Dotetracontohedron 


84 


126 


44 


12 pentagons, 32 hexagons 


Large Fullerene 






i/i + 2 


12 pentagons, \n - 10 hexagons 



" The first five solids are the Platonic solids, and the seventh to eleventh are truncations of the Platonic 
solids. When carbons occupy the vertices all correspond to fullerenes except the octahedron and the 
icosahedron for which W^^E. The smallest compounds in this table have never been synthesized. 

* Not a fullerene because the vertices have more than three edges. 



polyhedron is given by the formula 

F = E-V^2. (7.8) 
In a fullerene C„ where n = V three edges 
meet at each vertex, so we have 

E = 3K/2, (7.9) 

F=- + 2. (7.10) 
2 

It is shown in Problem 16 that 

£ = IE-y^. (^.lla) 

y=\lLs^s, (7.11b) 

where is the number of faces with s 
sides, and of course, 

F=E^.- (7.12) 

Combining Eqs. (7.10)-(7.12) gives the 
fullerene face formula 

i:(6-5)F, = 12. (7.13) 
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solid is 10.0 A. The bonds shared by a 
five-membered and a six-membered ring 
are 1.45 A long, while those between two 
adjacent six-membered rings are 1.40 A 
long. Above 260 K these molecules form a 
face centered cubic lattice with lattice con- 
stant 14.2 A; below 260 K it is simple cubic 
with a = 7.10 A (Fischer et ai, 1991; Kasa- 
tani et ai, 1993; Troullier and Martins, 
1992). When Cgo is doped with alkali met- 
als to form a superconductor it crystallizes 
into a face centered cubic lattice with 
larger octahedral and smaller tetrahedral 
holes for the alkalis. The ions are 
orientationally disordered in the lattice 
(Gupta and Gupta, 1993). 



XII. SYMMETRIES 

Earlier in this chapter we mentioned 
the significance of the horizontal reflection 
plane a,, characteristic of the high- 
temperature superconductors, and noted 
that most of these superconductors are 
body centered. In this section we will point 
out additional symmetries that are present. 
Table VI-14 of our earlier work (Poole et 
al, 1988) lists the point symmetries at the 
sites of the atoms in a number of these 
compounds. 
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In the notation of group theory the 
tetragonal structure belongs to the point 
group A/mmm (this is the newer interna- 
tional notation for what in the older 
Schonflies notation was written D^^). The 
unit cell possesses the inversion operation 
at the center, so when there is an atom at 
position (x,_y,x), there will be another 
identical atom at position i-x, -y, -z). 
The international symbol A/mmm indi- 
cates the presence of a fourfold axis of 
symmetry C^ and three mutually perpen- 
dicular mirror planes m. The Schonflies 
notation D^^, also specifies the fourfold 
axis, h signifying a horizontal mirror plane 
07, and D indicating a dihedral group with 
vertical mirror planes. 

We see from Fig. 7.32 that the z-axis is 
a fourfold (90°) symmetry axis called C4, 
and that perpendicular to it are twofold 
(180°) symmetry axes along the x and y 
directions, called C^, and also along the 
diagonal directions (Cj) in the midplane. 
There are two vertical mirror planes cr^, 
two diagonal mirror planes oj which are 
also vertical, and a horizontal mirror plane 
(Tf,. Additional symmetry operations that 
are not shown are a 180° rotation C| 
around the z axis, 

C| = C^Q, (7.14) 



Figure 7.32 Symmetry operations of the tetragonal unit cell showing a fourfold 
rotation axis C4, three twofold axes C2, and reflection planes of the vertical 
o.^ =cr,., horizontal cr^y = tr^,; and diagonal cr^ types. 



(a) 



(b) 



\ 



Figure 7.33 Rotational symmetry operations of an 
orthorhombic unit cell (a) with rectangular distortion, 
and (b) with rhombal distortion from an originally 
tetragonal cell. 



and the improper fourfold rotation 5| 
around z that corresponds to Q followed 
by, or preceded by, cr^. 



(7.15) 



where CI and ay, commute. 

The orthorhombic structure has mmm, 
symmetry. We see from Fig. 7.33 that 
both the rectangular and rhombal unit 
cells, which correspond to Figs. 7.4a and 
7.4b, respectively, have three mutually per- 
pendicular twofold axes, and that they also 
have three mutually perpendicular mirror 
planes a, which are not shown. The two 
cases differ in having their horizontal axes 
and vertical planes oriented at 45° to each 
other. 

Cubic structures, being much higher in 
symmetry, have additional symmetry oper- 
ations, such as fourfold axes Q, Q, and 
Q along each coordinate direction, three- 
fold axes C3 along each body diagonal, and 
numerous other mirror planes. These can 
be easily seen from an examination of Fig. 
7.1. Buckyballs belong to the icosohedral 
group, which has twofold (C2), ; fivefold 
(C5), and sixfold (Cg) rotation axes, hori- 
zontal reflection planes, inversion symme- 
try, and sixfold {S^) and tenfold (5,o) 
improper rotations, for a total of 120 indi- 
vidual symmetry operations in all (Cotton, 
1963). 
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XIII. CRYSTAL CHEMISTRY 



In Chapter 3 we briefly described the 
structures of some classical superconduc- 
tors, and in this chapter we provided a 
more detailed discussion of the structures 
of the cuprate superconductors. The ques- 
tion arises of how structure is related to 
the presence of metallic and superconduct- 
ing properties. 

Villars and Phillips (1988; Phillips, 
1989a) proposed to explain the combina- 
tions of elements in compounds that are 
favorable for superconductivity at rela- 
tively high temperatures by assigning three 
metallic coordinates to each atom, namely 
an electron number N^, a size r, and an 
electronegativity X. The electron numbers 
are given in Table 3.1 for most of the 
elements, with N^=3 for all of the rare 
earths and actinides; several correlations 
of with have already been given in 
Chapter 3. The sizes and electronegativi- 
ties were determined empirically from a 
study of some 3,(K)0 binary intermetallic 
compounds of types AB, AB2, AB^, and 
A 28^. The resulting values for each atom 
are listed in Fig. 7.34 together with their 
electron numbers. These values, although 
arrived at empirically on the basis of the 
constraint of self-consistency, do have a 
spectroscopic basis, and thus are called, 
respectively, spectroscopic radii and spec- 
troscopic electronegativities. 

The metallic coordinates of the atoms 
can be employed to calculate the three 
Villars-Phillips (VP) coordinates for each 
compound, namely (a) average number of 
valence electrons A^,, = < A^e)av, (b) spectro- 
scopic electronegativity difference ^X, and 
(c) spectroscopic radius difference A if, 
where we are using the VP notation. For 
example, for the compound NbN, with 
= 17.3 K, we have, using the data from ; 
Fig. 7.34, 

= 1(4 + 5) = 4.5, 
Ai? = 2.76 -0.54 = 2.22, ^'^■^^^ 
AZ= 2.03 -2.85 = -0.82. 
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HI4 T.5 W6 

in 1.94 I.T9 
19\ i79 2.7.15 i6H 



I HkI2 n.l Pb4 Bii 

1.91 iU 140 



Frl iU2 
9- ] 0.90- 



Tml Yb3 Lu3 
1.2- 1.1- 1.2- 
\3.eor 3.S9' 3.37* 



Figure 7.34 Periodic table listing metallic valences (upper right), sizes (center), 
and electronegativities (bottom) in the box of each element, according to the 
Villars-Phillips model (Phillips, 1989a, p. 321). 



The VP coordinates for the A15 com- 
pound GcgNb with = 23.2 K are calcu- 
lated as follows: 

W, = i(4 + 3X5) = 4.75, 

Ai? = 1(1.56 -2.76) = -0.60, (7.17) 

AZ= 1(1.99 -2.03)= -0.02. 

The text by Phillips (1989a) tabulates the 
VP coordinates for more than 60 super- 
conductors with > 10 K and for about 
600 additional superconductors with tran- 
sition temperatures in the range 1 < 7^ < 
10 K. 

When the points for the 600 com- 
pounds with lower transition temperatures 
are plotted on a three-dimensional coordi- 
nate system with axes N^, AZ, and AR, 
they scatter over a large range of values, 
but when the points for compounds with 
7!: > 10 K are plotted, they are found to 
cluster in three regions, called islands, as 
shown in Fig. 7.35. Island A contains the 
^15 compounds plus some complex inter- 
metallics, island B consists mainly of the 
NbN family plus some borides and car- 



bides, and island C has closely clustered 
Chevrel phases, with the high-r^ cuprates 
on the left. When ternary ferroelectric ox- 
ides with Curie temperatures that exceed 
50O''C are plotted in the same diagram as 
the superconductors they cluster between 
the Chevrel group and the cuprates. These 
ferroelectric oxides are not superconduc- 
tors, though Phillips (1989a) suggested that 
doping them with Cu and alkaline earths 
could produce superconductors with high 
transition temperatures. 

Thus we see that the high transition 
temperatures of classical superconductors 
are favored by particular structures and by 
particular combinations of metallic coordi- 
nates for each of these structures. The 
Villars-Phillips approach provides both 
structural and atomic criteria for the pres- 
ence of high T^. 

We have discussed the Phillips ap- 
proach to a crystal chemistry explanation 
of the superconductivity of the cuprates. 
Other researchers have offered alternate, 
in some cases somewhat related, ap- 
proaches to understanding the commonali- 
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Figure 7.35 Regions in the VUlars-Phillips configuration space where superconduc- 
tivity occurs at relatively high temperatures (Phillips, 1989a, p. 324; Villars and 
Phillips, 1988). 



ties of the various high-temperature and 
classical superconductors (Adrian, 1992; 
Schneider, 1992; Tajima and Kitazawa, 
1990; Whangbo and Torardi, 1991; Tor- 
race, 1992; Yakhmi and Iyer, 1992; Zhang 
and Sato, 1993). 



XIV. COMPARISON WITH CLASSICAL 
SUPERCONDUCTOR STRUCTURES 

Many elements such as copper and 
lead are face centered cubic, while many 
other elements, such as niobium, are body 
centered cubic, with a = 3.30 A for Nb. 
The A15 compounds, such as NbjSe, are 
(simple) cubic with lattice constant a = 
3.63^ and have parallel chains of Nb 
atoms 5.14 A apart. Other types of classi- 
cal superconductors, such as the Laves, and 
Chevrel phases, are cubic or close to cubic. 
The new oxide superconductors are tetrag- 
onal or orthorhombic close to tetragonal, 
and they all have a=b~ 3.85 A, which is 
somewhat greater than the value for the 
A\5 compounds. The third lattice constant 
c varies with the compound, with the 
values 13.2 A for LaSrCuO,^ 11.7 A 
for YBaCuO, and = 23 to 36 A for the 



BiSrCaCuO and TlBaCaCuO compounds. 
These differences occur because the num- 
ber of copper-oxygen and other planes per 
unit cell, as well as the spacings between 
them, vary from compound to compound 
due to the diverse arrangements of atoms 
between the layers. Thus relatively high- 
symmetry crystal structures are character- 
istic of many superconductors. 

XV. CONCLUSIONS 

Almost all the high-temperature oxide 
superconductors have point symmetry D^^, 
(a = b) or symmetry close to D^^ (a ~ b). 
These superconductors consist of horizon- 
tal layers, each of which contains one posi- 
tive ion and either zero, one, or two oxy- 
gens. The copper ions may be coordinated 
square planar, pyramidal, or octahedral, 
with some additional distortion. Copper 
oxide layers are never adjacent to each 
other, and equivalent layers are never ad- 
jacent. The cations alternate sites verti- 
cally, as do the oxygens. The copper oxide 
layers are either flat or slightly puckered, 
in contrast to the other metal oxide layers, 
which are generally far from planar. The 
highest 7; compounds have metal layers 
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(e.g., Ca) with no oxygens between the 
copper oxide planes. 



FURTHER READING 

The Wyckoff series. Crystal Structures (1963, Vol. 
1; 1964, Vol. 2; 1965, Vol. 3; 1968, Vol. 4) provides a 
comprehensive tabulation of crystal structures, but 
many important classical superconductors such as the 
A\5 compounds are not included. The International 
Tables for X-Ray Crystallography (Heniy and Lons- 
dale, 1965, Vol. 1) provide the atom positions and 
symmetries for all of the crystallographic space 
groups. The Strukturbericht notation, e.g., A15 for 
NbjGe, is explained in Pearson's compilation (1958). 

Details of cuprate crystallographic structures are 
given by Beyers and Shaw (1989; YBajCujO,), Bums 
and Glazer (1990), Hazen (1990), Poole et al. (1988, 
Chapter 6), Santoro (1990), and Yvon and Frangois 
(1989). Phillips (1989a) provides an extensive discus- 
sion of the crystal chemistry of the cuprates. Our 
earlier work (Poole et al., 1988, p. 107) lists the site 
symmetries in perovskite and cuprate structures. 
Billinge et al. (1994) reviewed lattice effects in high 
temperature superconductors, and Zhu (1994) re- 
viewed structural defects in YBa2Cu307_g. 

The microstructure of high temperature super- 
conductors studied by electron microscopy are re- 
viewed by CJien (1990), Gai and Thomas (1992), Gross 
and Koelle (1994), and Shekhtman (1993). Oxygen 
stoichiometty in HTSC's is reviewed by Chan- 
drashekhar et al., (1994), Green and Bagley (1990) 
and by Routbert and Rothman (1995). Electron-doped 
superconductors are reviewed by Almasan and Maple 
(1991) and by Fontcuberta and Fabrega (1995). 

The March 1992 special issue of Accounts of 
Chemical Research (Vol. 25, No. 3) is devoted to 
reviews of buckminsterfullerenes. Two recent books 
are edited by Billups and Ciofolini (1993) and by 
Kroto and Walton (1993), and the review by Dressel- 
haus et al. (1994) are devoted to fullerenes. The 
thallium compounds were reviewed by Hermann and 
Yakhimi (1993) and the mercury superconductors by 
Chu (1995). 



PROBLEMS 

1. Show that the radius of the octahedral 
hole in an fee close-packed lattice of 
atoms of radius is equal to [^Jl - 
Uz-Q. What is the radius of the hole if 
the lattice is formed from oxygen ions? 

2. Show that the radius of the tetrahedral 
hole in an fee close-packed lattice of 
atoms of radius is equal to [(3 /2)'/2 
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- Daq. What is the radius of the hole 
if the lattice is formed from oxygen 
ions? 

3. The "image perovskite" unit cell is 
generated from the unit cell of Fig. 7.1 
by shifting the origin from the point 
(0,0,0) to the point {\,\,\). Sketch 
this "image" cell. Show that the planes 
of atoms in this cell are the image 
planes related by the body centering 
operation to those of the original per- 
ovskite. This image cell is the one that 
usually appears to represent perovskite 
in solid-state physics texts. 

4. Calculate the distance between the yt- 
trium atom and its nearest-neighbor 
Ba, Cu, and O atoms in the supercon- 
ductor YBajCujOy. 

5. Write down the jr,>', z coordinates for 
the five numbered atoms in the initial 
plane of Fig. 7.16. Give the exphcit 
symmetry operations, with the proper 
choice of sign in Eq. (7.5) for each 
case, that transform these five atoms 
to their indicated new positions on the 
other three planes. 

6. Explain how the international and 
Schonflies symbols, mmm and Djh re- 
spectively, are appropriate for desig- 
nating the point group for the or- 
thorhombic superconductors. 

7. What are the symmetry operations of 
the A15 unit cell of Fig. 3.19? 

8. The D^h point group consists of eight 
symmetry operations that leave an or- 
thorhombic cell unchanged, namely an 
identity operation E that produces no 
change, three twofold rotations 
along i=x, y, z, three mirror reflec- 
tion planes a^y, and an inversion /. 
Examples of these symmetry opera- 
tions are 

E x-»jc y-^y z-*z 

x^x y -y z-> -z 
a-^y x-^x y z-^ -z 

i x-^ -x y-^ -y z-* -z. 

A group has the property that succes- 
sive application of two symmetry oper- 
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ations produces a third. Thus, we have, 
for example, 

iCi = 

These results have been entered into 
the following multiplication table for 
the group. Fill in the remainder 
of the table. Hint: each element of a 
group appears in each row and each 
column of the multiplication table once 
and only once. 



E 


CI Ci 


<Tj.y (T^^ 








CI 



















9. Construct the multiplication table for 
the D^t^ point group which contains 
the 16 symmetry elements that leave a 
tetragonal unit cell unchanged. Which 
pairs of symmetry elements A and B 
do not commute, i.e., such that AB # 
BAI Hint: follow the procedures used 
in Problem 8. 
10. Draw diagrams analogous to those 
in Fig. 7.25 for the first two mem- 
bers of the aligned series 
TlBa2Ca„Cu„^^i05+2„, where n = 0, 1. 



11. Draw the analogue of Fig. 7.19 for the 
Nd2Cu04 compound, showing the lo- 
cation of all of the Cu and O atoms. 
How do Figs. 7.21 and 7.22 differ for 
Nd2Cu04? 

12. Calculate the Villars-Phillips coordi- 
nates for the three superconductors 
M0P3, VjSn, and NbTi. 

13. Select one of the compounds 
(TljBajCuOg, BizSTjCaCujOg, 
Bi2Sr2Ca2Cu30io, Tl2Ba2Ca2Cu306) 
and construct a table for it patterned 
after Tables 7.5 or 7.6. 

14. Locate a twofold (Cj), fivefold (C5), 
and sbdfold (Cg) rotation axis, and also 
a reflection plane O/, in the buckyball 
sketch of Fig. 3.35. How many of each 
type of operation are there? 

15. We can see by examining Fig. 3.35 that 
a buckyball has inversion symmetry. 
Identify a sbrfold {S^ and tenfold (5io) 
improper rotation axis, where an im- 
proper rotation is understood to in- 
volve a sequential inversion and a 
proper rotation. How many 5^ and how 
many 5,0 axes are there? 

16. Show that the total number of edges E 
in a fullerene is given by 

and the number of vortices is 

where is the number of faces with s 
sides. 

17. Show that the cubic fullerene com- 
pound Cg has nine resonant struc- 
tures. 
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